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ୈ1ষ ং࿦
1.1 ݚڀഎܠ
ࢲͨͪਓؒΛ͸͡Ίͱͨ͠ଟࡉ๔ੜ෺͸૊৫Խ͞Εͨࡉ๔ूஂʹΑͬͯߏ੒͞ΕΔɽͦͷͨΊɼ
ੜମͷਖ਼ৗͳ૊৫ܗ੒΍૊৫ͷ߃ৗੑͷҡ࣋ʹ͸ɼࡉ๔૿৩ͱࡉ๔ࢮΛ࠷దͳόϥϯεʹௐઅ͢
Δ͜ͱ͕ॏཁͰ͋Δɽ͜ͷόϥϯεௐ੔͸ࡉ๔ؒͷԿΒ͔ͷ૬ޓ࡞༻ʹΑΓ࣮ݱ͞Ε͍ͯΔɽۙ
೥ɼඇ໔Ӹੑͷजᙾ཈੍ػߏͱͯ͠஫໨͞Ε͍ͯΔࡉ๔ڝ߹ͱݺ͹ΕΔݱ৅ (ਤ 1)Ͱ΋ɼࡉ๔ؒ
૬ޓ࡞༻͸ॏཁͳ໾ׂΛՌ͍ͨͯ͠Δɽ
ࡉ๔ڝ߹͸ɼ̎छྨͷࡉ๔ूஂ͕ಉҰͷ૊৫্ʹଘࡏ͢Δ࣌ʹൃੜ͢Δݱ৅Ͱ͋Δ [1]ɽ͜ͷ࣌ɼ
దԠ౓ͱݺ͹ΕΔ஋ͷ૬ରతͳࠩʹԠͯ͡ɼదԠ౓͕ߴ͍ࡉ๔ (ଟ͘ͷ৔߹͸ਖ਼ৗࡉ๔)ʹΑͬͯɼ
૬ରతʹదԠ౓͕௿͍ࡉ๔ (ଟ͘ͷ৔߹͸มҟࡉ๔)͸૊৫͔Βഉআ͞ΕΔɽͦͷ݁Ռɼࡉ๔ڝ߹
Λܦͨ૊৫͸దԠ౓͕ߴ͍ࡉ๔ʹΑͬͯ઎༗͞ΕΔɽ͜ͷݱ৅ͷಛ௃͸ɼࡉ๔ͷഉআ͸૊৫Λߏ੒
͢Δࡉ๔ͷछྨ͕ 1छྨͷ৔߹ʹ͸ൃੜͤͣ (ਤ 1D, E,G,H,K, L)ɼ̎छྨͷࡉ๔ूஂ͕ଘࡏ͢Δ
৔߹ʹͷΈൃੜ͢Δͱ͍͏ঢ়گґଘੑΛ࣋ͭ఺ʹ͋Δ (ਤ 1F, I, M, N)ɽࡉ๔ڝ߹ʹ͓͍ͯɼมҟ
ࡉ๔ͷഉআ͸ਖ਼ৗࡉ๔ͱͷ୹ڑ཭ͷ૬ޓ࡞༻ʹΑͬͯى͜Δɽ͢ͳΘͪɼมҟࡉ๔͸ྡ઀ͨ͠ਖ਼
ৗࡉ๔ͱͷγάφϧ఻ୡ෺࣭΍ػցతͳܹࢗΛհͨ͠૬ޓ࡞༻ʹΑͬͯഉআ͞ΕΔͷͰ͋Δɽഉ
আͷํ๏΋ಈ෺छ΍มҟͷछྨʹΑ༷ͬͯʑͰɼมҟࡉ๔ʹର͢Δࡉ๔ࢮɼࡉ๔ҳ୤ͷ༠ಋɼਖ਼
ৗࡉ๔ʹΑΔᩦ৯ͳͲ͕ใࠂ͞Ε͍ͯΔ [1]ɽ͜ͷࡉ๔ڝ߹ͱ͍͏ݱ৅͸༷ʑͳ૊৫΍ੜ෺Ͱ޿͘
ਐԽతʹอଘ͞Ε͍ͯΔ (ද 1)ɽҎԼͰ͸ɼͦΕΒʹ͍ͭͯৄࡉʹड़΂Δɽ
ද 1: ༷ʑͳϞσϧੜ෺Ͱ؍࡯͞ΕΔࡉ๔ڝ߹ͷྫ [2–17]
ੜ෺ มҟɾཁҼ
γϣ΢δϣ΢όΤ (ਤ 1L) Minute(ਤ 1A-C), scrib(ਤ 1H-J), lgl, mahjong, Ras, Src, dMyc, Rab5(ਤ 1H-K)
θϒϥϑΟογϡ(ਤ 1L, N) Src, Wnt/β-catenin
ᄡೕྨഓཆࡉ๔ (ਤ 1M,N) RasV12, mahjong, Tead, Yap
Ϛ΢ε (ਤ 1L,N) Myc,࿝Խ౓, COL17A1
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ਤ 1: ࡉ๔ڝ߹ͷུ֓ਤɽਤʹ͓͍ͯਫ৭ͷؙ͸ਖ਼ৗࡉ๔ɼ྘৭ͷؙ͸มҟࡉ๔Λද͢ɽA-Cࡉ๔ڝ߹͕؍࡯
͞ΕΔঢ়گɽࡉ๔ڝ߹ʹ͸ɼ૊৫ʹมҟΛ༠ಋ͢Δܥ (A)ɼഓཆܥʹ͓͍ͯ 2छྨͷࡉ๔Λڞഓཆ͢Δܥ (B)ɼ
ࣗવͳੜମ಺ʹ͓͍ͯ؍࡯͞ΕΔܥ (C)͕ଘࡏ͢ΔɽD-NมҟΛਓҝతʹ༠ಋ͢Δ͜ͱͰى͜Δࡉ๔ڝ߹ͷܥɽ
໼ҹͷ௕͞͸૊৫͕׬੒͢ΔͨΊʹඞཁͳ࣌ؒͷ௕͞Λද͢ɽD-F૿৩଎౓͕଎͍ਖ਼ৗࡉ๔͕૿৩଎౓ͷ஗͍
มҟࡉ๔Λഉআ͢Δܥɽมҟࡉ๔͕୯ಠͰ૊৫Λߏ੒͢Δ࣌ɼ૊৫ͷ׬੒ʹ͸ਖ਼ৗ૊৫ΑΓ΋͕࣌ؒඞཁ͕ͩɼ
࠷ऴతʹਖ਼ৗͳαΠζͷ૊৫Λܗ੒͢Δ (E)ɽਖ਼ৗ૊৫಺ʹ༠ಋ͞Εͨมҟࡉ๔͸૊৫͔Βۦஞ͞ΕΔ (F)ɽG-J
มҟࡉ๔͕ਖ਼ৗࡉ๔Λഉআ͢Δܥɽมҟࡉ๔͸୯ಠͰ૊৫Λߏ੒͢Δ࣌ɼਖ਼ৗαΠζΛ௒͑Δେ͖͞ͷ૊৫Λ
ܗ੒͢Δ (H)ɽਖ਼ৗ૊৫಺ʹ༠ಋ͞Εͨมҟࡉ๔͸ɼਖ਼ৗࡉ๔Λഉআ͠ͳ͕Β૊৫ͷ઎༗཰Λ্͍͛ͯ͘ (I)ɽ
͜ͷ࣌ɼਖ਼ৗࡉ๔ͷࡉ๔ࢮΛ્֐͢Δͱɼਖ਼ৗࡉ๔ͱมҟࡉ๔͕ࠞࡏͨ͠ɼ௨ৗΑΓେ͖ͳ૊৫͕ܗ੒͞ΕΔ
(J)ɽK-Nजᙾݪੑͷมҟࡉ๔͕ਖ਼ৗࡉ๔ʹΑͬͯഉআ͞ΕΔܥɽมҟࡉ๔͸୯ಠͰ૊৫Λߏ੒͢Δ࣌ɼਖ਼ৗα
ΠζΛ௒͑Δେ͖͞ͷ૊৫Λܗ੒͢Δ (L)ɽ྆ࡉ๔͕૊৫಺ʹଘࡏ͢Δ࣌ɼजᙾݪੑͷมҟࡉ๔Ͱ͋ͬͯ΋ɼࡉ
๔ڝ߹ʹΑͬͯ׬੒૊৫͔Βۦஞ͞ΕΔ (M)ɽ͔͠͠ɼ༠ಋͨ͠มҟࡉ๔ͷ਺͕ଟ͍৔߹ɼഉআΛड͚Δʹ΋
ؔΘΒͣมҟࡉ๔ͷ਺͕૿ՃΛଓ͚ɼ૊৫ͷ઎༗཰Λ্ঢ͍ͤͯ͘͞ܥ΋ใࠂ͞Ε͍ͯΔ (N)ɽ
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1.2 ଟ༷ͳܥʹ͓͚Δࡉ๔ڝ߹
ઌड़ͷΑ͏ʹɼࠓ೔Ͱ͸ࡉ๔ڝ߹͸ଟ͘ͷܥͰใࠂ͞Ε͍ͯΔɽͦͷུ֓ʹ͍ͭͯ͸ਤ 1ͱද
1ʹ·ͱΊͨɽ͜͜Ͱ͸ɼͦΕͧΕͷৄࡉʹ͍ͭͯड़΂Δɽ
ࡉ๔ڝ߹͸େ͖͘෼͚Δͱ 3छྨͷঢ়گʹ͓͍ͯ؍࡯͞ΕΔɽ͢ͳΘͪɼਓҝతʹ૊৫ʹมҟ
Λ༠ಋͨ͠ঢ়گ (ਤ 1A)ɼഓཆܥʹ͓͍ͯ 2छྨͷࡉ๔Λڞഓཆͨ͠ঢ়گ (ਤ 1B)ɼࣗવͳੜମ಺
(ਤ 1C)ͷࡾͭͰ͋Δɽ·ͣ͸ɼࡉ๔ڝ߹͕࠷ॳʹൃݟ͞Εͨɼਓҝతʹ૊৫ʹมҟΛ༠ಋͨ͠ঢ়
گ (ਤ 1A)ʹ͍ͭͯड़΂Δɽ
ॳΊɼࡉ๔ڝ߹͸γϣ΢δϣ΢όΤͷܥͰMorataͱ RipollʹΑͬͯ 1975೥ʹใࠂ͞Εͨ [2]ɽ
൴Β͸γϣ΢δϣ΢όΤ (Drosophila)੒஬ᠯݪج1ʹ͓͍ͯMinuteมҟΛ༠ಋ͠ɼͦͷޙͷൃੜա
ఔΛ؍࡯ͨ͠ (ਤ 1D-F,ਤ 2)ɽMinuteมҟࡉ๔͸ϦϘιʔϜλϯύΫ࣭Λίʔυ͢ΔҨ఻ࢠͷػ
ೳΛܽଛͨ͠ࡉ๔Ͱ͋ΔɽMinuteมҟࡉ๔୯ಠͰߏ੒͞Εͨᠯݪج͸ਖ਼ৗࡉ๔ʹൺ΂૊৫ͷ੒௕
଎౓͕஗͍͕ɼਖ਼ৗͳαΠζͷ૊৫Λܗ੒͢Δ (ਤ 1B)ɽ͜ͷมҟΛ૊৫ͷҰ෦ʹ༠ಋ͠ܦաΛ؍
࡯͢Δͱɼਖ਼ৗࡉ๔ʹғ·ΕͨMinuteมҟࡉ๔͸ফࣦͨ͠ (ਤ 2A͓Αͼ 2BԼਤ)ɽMorataΒ͸
Minuteมҟࡉ๔ͱਖ਼ৗࡉ๔͕ڝ߹ͨ݁͠Ռɼਖ਼ৗࡉ๔ʹΑͬͯMinuteมҟࡉ๔͕ഉআ͞Εͨͱߟ
͑ɼ͜ͷݱ৅Λࡉ๔ڝ߹ͱݺΜͩ [2]ɽ͜͜Ͱɼফࣦͨ͠ࡉ๔͕͋Δʹ΋ؔΘΒͣɼ׬੒ͨ͠γϣ
΢δϣ΢όΤͷᠯͷαΠζ΍ܗ͸ਖ਼ৗͰ͋ͬͨɽ͜ͷཧ༝͸ɼਖ਼ৗࡉ๔͕૿৩͢Δ͜ͱͰɼMinute
มҟࡉ๔͕ফࣦۭ͍ۭͯͨؒ͠ΛຒΊ͔ͨΒͰ͋Δͱߟ͑ΒΕͨɽ͜͏ͨ͠ྺ࢙తͳഎܠͱҨ఻
ֶతͳख๏ͷൃల͔Βɼࡉ๔ڝ߹ݱ৅ʹ͍ͭͯͷݚڀ͸γϣ΢δϣ΢όΤΛ༻͍ͨݚڀ͕࠷΋׆
ൃʹߦΘΕͨɽͦ͜Ͱγϣ΢δϣ΢όΤʹ͓͚Δࡉ๔ڝ߹ͷࣄྫʹ͍ͭͯ͞Βʹ঺հ͍ͯ͘͠ɽ
௨ৗɼ্ൽ૊৫ʹ͸௖୺-جఈ࣠ํ޲ͷۃੑ (apico-basalۃੑ)͕ଘࡏ͢Δ͕ɼۃੑҨ఻ࢠͰ͋Δ
scribble (scrib)΍ lethal giant larvae (lgl)͕ܽଛͨ͠มҟࡉ๔͸ۃੑΛࣦ͏. ͜ΕΒͷมҟࡉ๔͸ࡉ
๔ڝ߹ʹΑͬͯਖ਼ৗࡉ๔͔ΒͷഉআΛड͚ɼ૊৫͔Βۦஞ͞ΕΔ͜ͱ͕ใࠂ͞Εͨ (ਤ 1K-M) [3–5]ɽ
্ड़ͷΑ͏ͳۃੑ่͕յͨ͠ࡉ๔͸ࡉ๔ڝ߹ʹΑͬͯഉআ͞Εͳ͍৔߹ɼ૊৫Λҳ୤ͯ͠ա૿৩
Λଓ͚ɼ͍ͣΕ͸जᙾΛܗ੒ͯ͠͠·͏ɽ୯ಠͰ૊৫Λܗ੒͢Δ৔߹΋ɼਖ਼ৗαΠζΛ্ճΔڊ
େͳ૊৫Λܗ੒͢Δ (ਤ 1L)ɽ͜ͷΑ͏ͳੑ࣭͔Βɼ͜ΕΒͷҨ఻ࢠ͸जᙾ཈੍Ҩ఻ࢠͱͯ͠෼ྨ
͞ΕΔɽଞʹ΋जᙾ཈੍Ҩ఻ࢠΛܽଛͨ͠ࡉ๔͕ࡉ๔ڝ߹ʹΑͬͯഉআ͞ΕΔྫͱͯ͠ɼmahjong
มҟࡉ๔ͷܥ͕ใࠂ͞Ε͍ͯΔ [6]ɽҰํͰɼजᙾݪੑͷҨ఻ࢠͰ͋Δ Ras΍ Src [7,8]ɼMyc [9]ͷ
1੒஬ᠯݪجͱ͸ɼγϣ΢δϣ΢όΤͷ༮஬ͷମ಺ʹ͋ΔɼকདྷᠯͱͳΔ૊৫Ͱ͋Δɽਤ 1Lʹ͓͚Δ࣢ܕͷ૊৫͕
͜Εʹ౰ͨΔɽ
2Reprinted from Developmental Biology, 42 /2, G.Morata and P. Ripoll, “Minutes: Mutants of Drosophila autonomously
affecting cell division rate”, 211-221, Copyright (1975), with permission from Elsevierɽ
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ਤ 2: ਖ਼ৗࡉ๔–Minuteܥͷ࣮ݧ݁Ռ [2]ɽA Minuteมҟࡉ๔ͷಋೖ࣌ؒͱ૊৫׬੒࣌ͷ༠ಋΫ
ϩʔϯͷࡉ๔਺ͷؔ܎2ɽԣ࣠͸ͦΕͧΕͷΫϩʔϯΛಋೖͨ࣌ؒ͠ (࢈ཛ͔Βͷܦա࣌ؒ)ɼॎ
࣠͸׬੒ͨ͠૊৫ʹ͓͚Δ༠ಋΫϩʔϯ༝དྷͷࡉ๔ͷࡉ๔਺Ͱ͋Δɽࠇؙ͕ਖ਼ৗࡉ๔Ϋϩʔϯ
Λಋೖͨ݁͠Ռɽനࡾ͕֯มҟࡉ๔ΫϩʔϯΛಋೖͨ݁͠Ռɽਤதͷ໼ҹ͸ɼ͜ΕΑΓૣ͍࣌
ؒʹ༠ಋͨ͠Ϋϩʔϯ͸ফ໓ͨ͜͠ͱΛҙຯ͢Δɽจݙ [2]ΑΓग़൛ࣾͷڐՄΛಘͯసࡌɽB࢈
ཛ͔Β໿ 36࣌ؒܦաޙͱ໿ 60࣌ؒܦաޙͷΫϩʔϯ༠ಋ࣮ݧͷ݁Ռͷུ֓ਤɽ࣮ݧʹ͓͍ͯ
Ϋϩʔϯ͸γϣ΢δϣ΢όΤ੒஬ᠯݪجʹ༠ಋ͞Εͨɽ࢈ཛ͔Β໿ 36࣌ؒܦաޙͱ໿ 60࣌ؒ
ܦաޙʹಋೖͨ͠ਖ਼ৗࡉ๔Ϋϩʔϯ͸ɼ૊৫׬੒·Ͱʹ͕࣌ؒ͋Δ͜ͱ͔Βɼ׬੒૊৫ʹ͓͍
ͯࡉ๔਺͕ଟ͍ɽ࢈ཛ͔Β໿ 36࣌ؒܦաޙͱ໿ 60࣌ؒܦաޙʹಋೖͨ͠มҟࡉ๔Ϋϩʔϯ͸ɼ
े෼ͳ͕࣌ؒ͋Δ͜ͱͰɼࡉ๔ڝ߹ʹΑΓ׬શʹফ໓͢Δɽ
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มҟࡉ๔΋ਖ਼ৗࡉ๔ͱͷؒͰڝ߹Λى͜͢ɽ͜͜ͰɼMycมҟࡉ๔ͱਖ਼ৗࡉ๔ͷࡉ๔ڝ߹ʹ͓͍
ͯ͸ɼ͜Ε·Ͱʹ঺հͨ͠έʔεͱ͸൓ରʹMycมҟࡉ๔͕ਖ਼ৗࡉ๔Λഉআ͢Δ͜ͱʹ஫ҙ͕ඞ
ཁͰ͋Δ (ਤ 1G-J)ɽ౰ॳ͸γϣ΢δϣ΢όΤͰͷΈใࠂ͞Ε͍ͯͨมҟΛ༠ಋ͢ΔλΠϓͷࡉ๔
ڝ߹΋ɼ࣍ୈʹଞͷϞσϧੜ෺ʹ͓͍ͯൃݟ͞Εͨɽྫ͑͹ɼθϒϥϑΟογϡͰ͸ॳظᡢʹ͓͍
ͯਖ਼ৗࡉ๔ͱ Srcมҟࡉ๔ͷࡉ๔ڝ߹͕؍࡯͞Εͨ [8]ɽϚ΢εͰ΋MycλϯύΫ࣭ͷ࢈ੜΛ્֐
ͨ͠มҟΛॳظᡢͷࡉ๔ʹ༠ಋ͢Δ͜ͱͰɼ͜ΕΒͷࡉ๔͕ഉআ͞ΕΔ͜ͱ͕ใࠂ͞Εͨ [10]ɽ
͜Ε·Ͱड़΂ͨࡉ๔ڝ߹͸ɼ૊৫ʹมҟΛ༠ಋ͍ͯͨ͠ɽ͜ΕΒ͸ࡉ๔ڝ߹͕ൃݟ͞Εͨݹయ
తͳγνϡΤʔγϣϯͰ͋Δ͕ɼͦͷޙɼഓཆܥʹ͓͍ͯ 2छྨͷࡉ๔Λڞഓཆ͢ΔܥͰ΋ࡉ๔
ڝ߹͸ൃݟ͞Εͨ (ਤ 1B)ɽഓཆܥͰ࠷ॳʹݟ͔ͭͬͨࡉ๔ڝ߹͸ɼΠψਛଁ೘ࡉ؅্ൽࡉ๔༝དྷ
ͷࡉ๔Ͱ͋ΔMDCKࡉ๔ͷ࣮ݧܥΛ༻͍ͨ΋ͷͰ͋Δɽ͜ͷܥʹ͓͍ͯɼਖ਼ৗࡉ๔ͱ RasV12ม
ҟࡉ๔Λڞഓཆ͢Δͱɼมҟࡉ๔͕पғͷਖ਼ৗࡉ๔ʹΑͬͯࡉ๔ूஂ͔Βഉআ͞ΕͨͷͰ͋Δ [7]ɽ
͜ͷൃݟΛൽ੾Γʹɼᄡೕྨͷഓཆࡉ๔ܥͰ͸mahjongมҟࡉ๔ [6]΍ Teadߴൃݱࡉ๔ [11]ɼYap
ߴൃݱࡉ๔ [12]ͳͲͷมҟࡉ๔ͱਖ਼ৗࡉ๔ͷࡉ๔ڝ߹͕ൃݟ͞Εͨɽ
͞Βʹ͸ɼਓҝతͳૢ࡞ΛՃ͍͑ͯͳ͍ࣗવͳঢ়ଶͷθϒϥϑΟογϡ΍Ϛ΢εͷੜମ಺Ͱ΋ɼ
ࡉ๔ڝ߹͕ಇ͍͍ͯΔ͜ͱ͕໌Β͔ʹ͞Εͨ (ਤ 1C)ɽྫ͑͹ɼθϒϥϑΟογϡͰ͸ॳظᡢʹ͓
͍ͯ [13]ɼϚ΢εͰ͸ॳظᡢ [10]΍ڳથ [14]ɼ৺ଁ [15]ͳͲͷ૊৫ʹ͓͍ͯɼͦΕͧΕࡉ๔ڝ߹
͕ಇ͍͍ͯΔ͜ͱ͕ใࠂ͞Ε͍ͯΔɽͦͷৄࡉ͍ͭͯ͸ §1.4Ͱड़΂Δɽ
Ҏ্ͷΑ͏ʹଟ͘ͷϞσϧੜ෺Ͱ؍࡯͞ΕΔ͜ͱ͔Βɼࡉ๔ڝ߹͸޿͘ਐԽతʹอଘ͞Εͨݱ
৅Ͱ͋Δͱ͞Ε͍ͯΔɽ
1.3 มҟࡉ๔ͷೝࣝͱഉআͷϝΧχζϜ
্ड़ͷΑ͏ʹɼࡉ๔ڝ߹ʹ͓͍ͯਖ਼ৗࡉ๔͸มҟࡉ๔ͷଘࡏΛೝࣝ͠ɼࡉ๔ࢮΛ༠ಋ͢Δɽ͜
ͷ෼ࢠϝΧχζϜͷղ໌ʹ͍ͭͯ͸ଟ͘ͷݚڀऀ͕औΓ૊ΜͰ͓Γɼ͍͔ͭ͘ͷܥʹ͓͍ͯɼม
ҟࡉ๔ͷೝ͔ࣝΒࡉ๔ࢮͷ༠ಋͷྲྀΕ͕໌Β͔ʹͳ͍ͬͯΔɽ͜͜Ͱ͸ɼγϣ΢δϣ΢όΤ؟ݪ
جʹ͓͚Δਖ਼ৗࡉ๔ͱ scribมҟࡉ๔ͷࡉ๔ڝ߹ʹ͓͍ͯ໌Β͔ʹͳͬͨϝΧχζϜΛྫͱͯ͠঺
հ͢Δ (ਤ 3) [18]ɽ
͜ͷࡉ๔ڝ߹Ͱ͸ࡉ๔ͷද໘ʹଘࡏ͢ΔϦΨϯυ Sasͱͦͷड༰ମͰ͋Δ PTP10D͕ॏཁͳಇ
͖Λ͢Δɽscribมҟࡉ๔ʹ͓͍ͯɼ௨ৗ͸ࡉ๔௖୺ʹଘࡏ͢Δ PTP10D͕ࡉ๔ͷଆ໘ʹ΋ଘࡏ͠
͍ͯΔɽ͜ͷड༰ମͱਖ਼ৗࡉ๔ͷද໘ʹ͋Δ Sas͕݁߹͢Δ͜ͱͰɼscribมҟࡉ๔಺෦Ͱ EGFR
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ਤ 3: γϣ΢δϣ΢όΤʹ͓͚Δਖ਼ৗࡉ๔ͱ scribมҟࡉ๔ͷࡉ๔ڝ߹ͷϝΧχζϜͷ໛ࣜਤɽ
ͱ͍͏γάφϧͷ఻ୡ͕ϒϩοΫ͞ΕΔɽ͜ͷγάφϧ્͕֐͞ΕΔ͜ͱͰɼEiger/TNF-JNKͷγ
άφϧ఻ୡܦ࿏͕ಇ͖ɼscribมҟࡉ๔͸ࡉ๔ࢮΛى͜͢ͷͰ͋Δɽ͜ͷΑ͏ʹɼࡉ๔ڝ߹Ͱ͸ྡ
઀͢Δࡉ๔ͱ௚઀తʹ૬ޓ࡞༻͢Δ͜ͱ΍਺ࡉ๔෼΄Ͳಧ͘γάφϧ఻ୡ෺࣭ [19]Λհͯ͠ɼม
ҟࡉ๔Λೝࣝ͠ɼࡉ๔ࢮΛ༠ಋ͢Δ [20]ɽ
1.4 ࡉ๔ڝ߹ͷੜཧֶతҙٛ
͜Ε·Ͱʹड़΂༷ͨʹࡉ๔ڝ߹͸͞·͟·ͳछྨͷੜ෺΍૊৫Ͱ؍࡯͞ΕΔɽͦΕͰ͸ɼͦͷ
ੜཧֶతͳҙٛͱ͸ԿͩΖ͏͔ɽͦͷҰͭͱߟ͑ΒΕ͍ͯΔͷ͕ɼजᙾ཈੍ػߏͱͯ͠ͷಇ͖Ͱ͋
Δɽ§1.2Ͱ΋ड़΂ͨΑ͏ʹɼࡉ๔ڝ߹Ͱ͸ଟ͘ͷजᙾݪੑͷมҟࡉ๔͕૊৫͔Βഉআ͞ΕΔɽಉ
༷ʹजᙾ཈੍Ҩ఻ࢠͷܽଛมҟࡉ๔΋ഉআ͞ΕΔɽ͜ΕΒͷ͜ͱ͔Βɼࡉ๔ڝ߹͸जᙾ཈੍ػߏ
ͱͯ͠ͷಇ͖Λظ଴͞Ε͍ͯΔ [21, 22]ɽ
ࡉ๔ڝ߹͸దਖ਼ͳ૊৫αΠζͷௐઅʹؔ༩͍ͯ͠Δͱ͍͏Ծઆ΋͋ΔɽJohnstonΒ͸γϣ΢δϣ
΢όΤ੒஬ᠯݪجͷܥͰɼࡉ๔पظ΍ࡉ๔૿৩ɼࡉ๔ࢮͷ੍ޚʹؔ༩͢ΔҨ఻ࢠ dMyc (Mycͷϗ
Ϟϩά)มҟࡉ๔ (উऀ)ͱਖ਼ৗࡉ๔ (ഊऀ)ͷࡉ๔ڝ߹ͷ؍࡯Λߦͬͨɽͦͷ݁ՌɼdMycมҟࡉ๔
ʹΑΓਖ਼ৗࡉ๔ͷഉআ͕ߦΘΕΔ৔߹ɼ׬੒ͨ͠ᠯͷαΠζ͸ਖ਼ৗʹͳͬͨɽ͜ͷܥʹ͓͚Δਖ਼
ৗࡉ๔ͷࡉ๔ࢮ͸ɼਖ਼ৗࡉ๔ʹ͓͚ΔΞϙτʔγεଅਐҨ఻ࢠ hidͷ׆ੑԽʹΑΔ΋ͷͰ͋Δɽ͠
͕ͨͬͯɼhidͷҨ఻ࢠ࢈෺Λ࢈ੜ͠ͳ͍มҟΛಋೖ͢Δ͜ͱͰɼࡉ๔ڝ߹ʹΑΔࡉ๔ࢮΛ્֐͢
Δ͜ͱ͕Ͱ͖Δɽࡉ๔ࢮͷ્֐ͷ݁Ռɼա૿৩͢Δ dMycมҟࡉ๔ͷͨΊʹਖ਼ৗͳαΠζΑΓେ͖
ͳᠯ͕׬੒ͨ͠ [19]ɽͦͷͨΊɼࡉ๔ڝ߹͕ൃੜ࣌ʹਖ਼ৗͳαΠζͷ૊৫Λ࡞Δ͜ͱʹؔ༩ͯ͠
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͍ΔՄೳੑ͕ࣔࠦ͞ΕͨɽՃ͑ͯɼजᙾݪੑͷมҟࡉ๔ͷܥʹ͓͍ͯ΋ɼࡉ๔ڝ߹ʹΑΔഉআΛ
཈੍͢Δͱɼมҟࡉ๔͕ա૿৩Λىͯ͜͠जᙾ͕ܗ੒͞ΕΔͱ͍͏݁Ռ͕ใࠂ͞Ε͍ͯΔɽ͜ͷ
݁Ռ͸ɼजᙾͱ͍͏ܗͰ૊৫͕ਖ਼ৗͳ΋ͷΑΓ͸Δ͔ʹେ͖ͳ΋ͷͱͳΔͱ͍͏ཧղΛ͢Δ͜ͱ
͕Ͱ͖Δɽ͜͏͍ͬͨ͜ͱ͔Βɼ૊৫αΠζͷௐ੔ػߏͱजᙾ཈੍ػߏͱͯ͠ͷಇ͖͸ີ઀ʹؔ
Θ͍ͬͯΔՄೳੑ͕͋Δɽ
ۙ೥ใࠂ͞Ε͍ͯΔࡉ๔ڝ߹ͷੜཧֶతͳҙٛͱͯ͠ɼ૊৫಺ͷࡉ๔ͷ඼࣭ͷҡ͕࣋ڍ͛ΒΕΔɽ
ྫ͑͹ɼϚ΢εͷॳظᡢͰ͸Myc͕ΑΓߴൃݱ͍ͯ͠Δࡉ๔͕௿ൃݱͳࡉ๔Λഉআ͢Δ [10, 23]ɽ
Myc͸װࡉ๔ͷ෼Խ͕ਐΉ΄Ͳൃݱ͕௿Լ͢Δ͜ͱ͔Βɼ͜ͷࡉ๔ڝ߹͸௨ৗΑΓ΋ૣظʹ෼Խ
ͯ͠͠·ͬͨࡉ๔Λഉআ͠ɼ૊৫ͷଟೳੑΛҡ࣋͢Δͱߟ͑ΒΕΔ [24]ɽϚ΢εͰ͸ڳથͰ΋͜
͏͍ͬͨࡉ๔ڝ߹͕ใࠂ͞Ε͍ͯΔ [14]ɽڳથͰ͸ Tࡉ๔ͷલۦࡉ๔͕࡞ΒΕ͓ͯΓɼݹ͍લۦ
ࡉ๔͸ࠎ਷༝དྷͷ৽͍͠લۦࡉ๔ͱަ׵͞Ε͍ͯΔɽ͜ͷަ׵͸ݹ͍ࡉ๔͕৽͍͠ࡉ๔ʹΑͬͯ
ഉআ͞ΕΔͱ͍͏ࡉ๔ڝ߹ʹΑͬͯߦΘΕ͍ͯΔ͜ͱ͕໌Β͔ʹ͞ΕͨͷͰ͋Δɽ͜ͷࡉ๔ڝ߹
͕ࣦΘΕͨ࣌ɼϚ΢ε͸ਓʹ͓͚Δ TϦϯύժٿੑന݂ප/Ϧϯύजʹࣅͨঢ়ଶʹͳΔɽͦͷͨΊɼ
͜ͷࡉ๔ڝ߹͸ࡉ๔ͷ඼࣭Λ؅ཧ͢Δ͜ͱͰजᙾ཈੍ػߏͱͯ͠ಇ͍͍ͯΔͱߟ͑ΒΕΔɽ͞Β
ʹ͘͝࠷ۙʹ͸Ϛ΢εͷදൽװࡉ๔ʹ͓͍ͯ΋ࡉ๔ڝ߹͕ൃݟ͞Εͨ [16]ɽ͜ͷܥͰ͸ίϥʔή
ϯCOL17A1Λߴൃݱ͍ͯ͠Δװࡉ๔ʹΑͬͯ௿ൃݱͷװࡉ๔͕ഉআ͞ΕΔɽࡉ๔ڝ߹Λ཈੍͢Δ
ͱൽෘͷ࿝Խ͕ଅਐ͢Δ͜ͱ͔Βɼ͜ͷܥͰ͸ࡉ๔ڝ߹͕ൽෘͷए͞Λҡ͍࣋ͯ͠Δͱߟ͑ΒΕ
͍ͯΔɽ
1.5 ࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋
౰ॳɼࡉ๔ڝ߹͸૿৩཰ͷ૬ରతͳࠩʹΑΓɼ૿৩཰ͷߴ͍ࡉ๔͕௿͍ࡉ๔Λഉআ͢Δݱ৅Ͱ͋
Δͱߟ͑ΒΕ͍ͯͨ [25]ɽ͔͠͠ɼजᙾݪੑͷࡉ๔͕ࡉ๔ڝ߹ʹΑͬͯഉআ͞ΕΔ͜ͱ͕ใࠂ͞
Ε͍ͯΔɽ͜͏ͨ͠มҟࡉ๔͸ਖ਼ৗࡉ๔ʹൺ΂ͯඞͣ͠΋૿৩཰͕௿͍Θ͚Ͱͳ͍ɽΉ͠Ζɼज
ᙾݪੑͷࡉ๔͸୯ಠͰ૊৫Λߏ੒ͨ࣌͠ɼਖ਼ৗ૊৫ΑΓ΋໌Β͔ʹେ͖ͳαΠζͷ૊৫Λܗ੒͠ɼ
जᙾԽ͢ΔɽͦΕʹ΋͔͔ΘΒͣɼ͜͏͍ͬͨࡉ๔͕ਖ਼ৗࡉ๔ͱڞʹ૊৫ʹଘࡏ͢Δ࣌ɼਖ਼ৗࡉ
๔ʹΑͬͯ૊৫͔Βۦஞ͞ΕΔɽͦͯ͠ɼਖ਼ৗͳ૊৫͕ܗ੒͞ΕΔͷͰ͋Δɽ͜ͷ͜ͱ͔Βɼࡉ
๔ڝ߹ʹ͓͍ͯͲͪΒͷࡉ๔͕ͲͪΒͷࡉ๔Λഉআ͢Δ͔ͱ͍͏͜ͱ͸ɼݹయతͳԾઆͷ༷ʹ୯
७ͳҰͭͷݪҼ (੍ޚύϥϝʔλ)Ͱܾ·ΔͷͰ͸ͳ͘ɼෳ߹తͳཁૉͰܾఆ͞ΕΔͱߟ͑ΒΕΔɽ
γϣ΢δϣ΢όΤ੒஬ᠯݪجͷܥͰ͸ɼࡉ๔ڝ߹ͷ݁Ռͷ༧ଌ͕ΑΓࠔ೉ʹͳΔྫ͕MorataΒ
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ਤ 4: ਖ਼ৗࡉ๔–Rab5มҟࡉ๔ܥͷ࣮ݧ݁Ռͷ֓೦ਤ [17]ɽ࣮ݧʹ͓͍ͯΫϩʔϯ͸γϣ΢δϣ
΢όΤ੒஬ᠯݪجʹ༠ಋ͞ΕͨɽAಋೖ͞Εͨมҟࡉ๔͕গͳ͍࣌ɼ૊৫ͷ੒௕ͱͱ΋ʹมҟ
ࡉ๔͸ۦஞ͞ΕΔɽBಋೖ͞Εͨมҟࡉ๔͕ଟ͍࣌ɼมҟࡉ๔ͷ਺͸૿Ճ͍ͯ͘͠ɽ
ʹΑͬͯใࠂ͞Εͨ (ਤ 4) [17]ɽ൴Β͸ΤϯυαΠτʔγεΛ੍ޚ͢ΔҨ఻ࢠͰ͋Δ Rab5มҟΛ
ϞβΠΫঢ়ʹਖ਼ৗ૊৫ʹ༠ಋ͢Δ࣮ݧΛߦͬͨɽRab5มҟࡉ๔͸ scribมҟࡉ๔΍ lglมҟࡉ๔ͱ
ಉ༷ʹजᙾݪੑͷࡉ๔Ͱ͋Γɼ୯ಠͰ૊৫Λߏ੒ͨ͠৔߹ɼਖ਼ৗ૊৫ΑΓ΋ڊେͳ૊৫Λܗ੒͢
Δɽ࣮ݧͷ݁Ռɼࡉ๔ڝ߹͕ى͜Γ Rab5มҟࡉ๔͸ਖ਼ৗࡉ๔ʹΑͬͯഉআ͞Εͨ (ਤ 4A)ɽՃ͑
ͯɼ͜ͷ࣌ʹܗ੒͞Εͨ૊৫ͷαΠζ͸ɼਖ਼ৗͳ΋ͷͰ͋ͬͨɽ͔͠͠ɼॳظʹ૊৫ʹ༠ಋ͢Δ
Rab5มҟࡉ๔ͷׂ߹Λ૿΍ͨ͠ͱ͜Ζɼࡉ๔ڝ߹͕ੜͯ͡෦෼తʹมҟࡉ๔ͷഉআ͕ى͜Δʹ΋
ؔΘΒͣɼRab5มҟࡉ๔͸׬શʹ͸ۦஞ͞ΕͣɼΉ͠Ζ૊৫಺Λ઎ΊΔׂ߹͕૿Ճͨ͠ͷͰ͋Δ
(ਤ 4B)ɽ͢ͳΘͪɼ͜ͷਖ਼ৗࡉ๔–Rab5ܥͰ͸૊৫͕ਖ਼ৗࡉ๔ͷΈͰܗ੒͞ΕΔͷ͔ɼͦΕͱ΋
ਖ਼ৗࡉ๔ͱมҟࡉ๔͕૊৫ʹڞଘ͢Δͷ͔ͱ͍͏ࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋͕ɼॳظͷࡉ๔਺ʹ
Αͬͯࠨӈ͞ΕͨͷͰ͋Δ3ɽ
Ҏ্ͷ͜ͱ͔Βɼࡉ๔ڝ߹ͷੑ࣭Λཧղ͢ΔͨΊʹ͸ɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩଎౓͚ͩͰ
ͳ͘ଞͷҼࢠ΋ߟྀ͠ͳ͚Ε͹ͳΒͳ͍ͩΖ͏ɽ͞Βʹɼࡉ๔ڝ߹Λܦͯਖ਼ৗࡉ๔ͷΈͰਖ਼ৗͳ
૊৫Λߏ੒Ͱ͖Δͷ͔ɼͦΕͱ΋มҟࡉ๔͕ੜ͖Ԇͼͯ͠·͏ͷ͔ͱ͍͏ʮ૊৫ͷӡ໋ʯΛ༧ଌ
͢ΔͨΊʹ͸ɼͦΕͧΕͷࡉ๔ͷॳظࡉ๔਺·Ͱ΋ߟྀ͠ͳ͚Ε͹ͳΒͳ͍ɽ͜͏ͨ͠ෳࡶͳঢ়
گͷຊ࣭Λཧղ͢ΔͨΊʹ͸ɼ਺ཧϞσϧΛ༻͍Δ͜ͱ͕༗ޮͰ͋Δɽͦ͜Ͱຊݚڀ͸ɼࡉ๔ڝ
߹ݱ৅ʹରͯ͠਺ཧϞσϧΛ༻͍ͨΞϓϩʔνΛߦͬͨɽ
3Ұൠతʹࡉ๔ڝ߹ʹ͓͍ͯഉআΛߦ͏ࡉ๔Λউऀ (winner)ɼഉআ͞ΕΔࡉ๔Λഊऀ (loser)ͱݺͿɽ͔͠͠ɼ͜ͷܥ
ʹ͓͍ͯ͸ഉআ͞ΕΔࡉ๔΋૊৫಺Ͱੜ͖Ԇͼɼ͋·ͭ͑͞ॳظͷࡉ๔਺ΑΓ΋૿Ճ͢Δɽ͜ͷมҟࡉ๔ΛഊऀͱݺͿ
ͷ͸ҧ࿨ײ͕࢒ΔɽҰํɼ૊৫׬੒࣌ʹ͓͍ͯͷೋࡉ๔ͷࡉ๔਺ͷൺ཰ͱॳظͷൺ཰Λൺ΂ɼൺ཰͕૿Ճ͍ͯͨ͠ํͷ
ࡉ๔Λউऀͱ͢Δͱ͍͏ఆٛ΋͋Δɽ͔͜͠͠ͷ৔߹ɼRab5ܥͰ͸มҟࡉ๔Λഉআ͍ͯ͠Δਖ਼ৗࡉ๔͕ഊऀͱ੒Γಘ
Δɽ͜͏ͨ͠ෳࡶ͔͞Βɼຊ࿦จͰ͸ࡉ๔ڝ߹ͷయܕతͳϥϕϦϯάͰ͋Δউऀɼഊऀͱ͍͏༻ޠΛۃྗഉͨ͠ɽ
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1.6 ࡉ๔ڝ߹ͷཧղʹ޲͚ͨ਺ཧϞσϧʹΑΔऔΓ૊Έ
ࡉ๔ूஂ͕ؔΘΔݱ৅ʹରͯ͠਺ཧϞσϧΛద༻͢Δݚڀ͸਺ଟ͘ͳ͞Ε͖ͯͨ [26–30]ɽۙ೥
࢝·ͬͨࡉ๔ڝ߹΁ͷ਺ཧϞσϧͷద༻ͷྲྀΕ͍ͭͯ·ͱΊΔલʹɼ·ͣ͸ຊ࿦จͰඞཁͱͳΔ
਺ཧϞσϧʹ͍ͭͯ؆୯ʹ·ͱΊΔɽ
1.6.1 ϙϐϡϨʔγϣϯϞσϧ
ϙϐϡϨʔγϣϯϞσϧͱ͸ݸମ਺Λม਺ͱͯ͠ɼݸମ܈ͷ੒௕Λهड़ͨ͠ํఔࣜͰ͋Δɽྫ
͑͹ɼݹయతͳϙϐϡϨʔγϣϯϞσϧͰ͋Δ Logisticํఔࣜ͸ҎԼͷࣜͰද͞ΕΔ [28, 29]:
dx
dt
= r(1 − x
K
)x, (1)
͜͜Ͱ x͸ूஂͷݸମ਺Λද͢ɽLogisticํఔࣜʹ͓͍ͯ x͕े෼খ͍࣌͞ɼूஂͷ૿Ճ଎౓
dx
dt
͸ॳظ૿৩཰ rʹൺྫ͢Δɽ͔͠͠ɼx͕؀ڥऩ༰ྗ Kʹۙͮ͘ͱɼ૿৩཰͸ݸମ਺૿ՃͷӨڹΛ
ड͚ͯิਖ਼͕͔͔Γ r(1− x
K
)ͱͳΔɽ͕ͨͬͯ͠ɼr(1− x
K
)xͰද͞ΕΔूஂͷ૿Ճ଎౓͸ɼݸମ
਺͕ Kʹۙͮ͘΄Ͳݮগ͢Δ͜ͱ͕෼͔Δɽ૿Ճ଎౓͸࠷ऴతʹ x = KͰ 0ͱͳΔͨΊɼK͸ݸ
ମ਺ͷ্ݶΛද͍ͯ͠Δͱ͍͑ΔɽࣜΑΓ෼͔ΔΑ͏ʹɼϙϐϡϨʔγϣϯϞσϧͰ͸جຊతʹ
ۭؒతͳޮՌ͸ߟྀ͞Ε͍ͯͳ͍ɽҰํͰɼৗඍ෼ํఔࣜܥͰදͤΔͨΊɼ਺ֶతʹղΛٻΊΔ
͜ͱ΍ݱ৅ͷຊ࣭ͷཧղʹಛԽ͍ͯ͠Δ਺ཧϞσϧͱ͍͑ΔɽϙϐϡϨʔγϣϯϞσϧͷࡉ๔਺
μΠφϛΫε΁ͷద༻ͷৄࡉʹ͍ͭͯ͸ §2Ͱड़΂Δɽ
1.6.2 όʔςοΫεϞσϧ
όʔςοΫεϞσϧ [26]͸ɼෳ਺ͷ࣭఺ͱͦΕΛͭͳ͙ลͰࡉ๔ͷྠֲΛද͠ɼ૊৫ͷ༷ࢠΛ
දݱ͢Δ (ਤ 5)ɽ֤࣭఺͸ɼࡉ๔ບʹಇ͘ுྗɼࡉ๔ͷपғ௕΍ࡉ๔໘ੵҰఆͷ੍໿Λߟྀͨ͠ϙ
ςϯγϟϧؔ਺Λ࠷খԽ͢ΔҐஔ΁ͱಈ͘ɽ͕ͨͬͯ͠ɼόʔςοΫεϞσϧ͸ࡉ๔΍૊৫ͷมܗ
Λهड़Ͱ͖Δͱ͍͏ར఺Λ͍࣋ͬͯΔɽҰํɼࡉ๔ಉ࢜͸جຊతʹྡ઀͍ͯ͠Δඞཁ͕͋Γɼݸʑ
ͷࡉ๔ͷಠཱͨ͠ӡಈΛ൐͏ܥʹద༻͢Δ͜ͱ͸೉͍͠ɽ
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ਤ 5: όʔςοΫεϞσϧͷ֓೦ਤɽόʔςοΫεϞσϧͰ͸্ൽ૊৫Λܗ੒͢Δࡉ๔ूஂ (A)
Λ࣭఺ͱͦΕΛܨ͙ลͰදݱ͢Δ (B)ɽB͸ೋ࣍ݩͷόʔςοΫεϞσϧͰ͋Δɽ
1.6.3 ཻࢠϞσϧ
ཻࢠ๏͸ݸମ܈΍ࡉ๔ूஂΛߏ੒͢ΔҰͭҰͭͷݸମ΍ࡉ๔ΛཻࢠͰදݱ͢Δख๏Ͱ͋Δ ( [27,31];
ৄࡉ͸ §4Ͱड़΂Δ)ɽҰͭҰͭͷࡉ๔Λهड़͢Δͱ͍͏໘Ͱ͸όʔςοΫεϞσϧͱಉ༷Ͱ͋Δ
͕ɼ͜ͷ਺ཧϞσϧ͸ݸʑͷࡉ๔ͷ࣭఺ͷӡಈํఔࣜΛ௚઀ܭࢉ͍ͯ͠ΔͨΊɼࡉ๔ʹಈ͖͕͋
ΔܥʹΑΓద༻͠΍͍͢ɽͦͷ൓໘ɼόʔςοΫεϞσϧͱ͸ҟͳΓɼࡉ๔ͷมܗΛهड़͢Δ͜
ͱ͸Ͱ͖ͳ͍ɽ
1.6.4 ࡉ๔ڝ߹ݱ৅΁ͷ਺ཧϞσϧΛ༻͍ͨΞϓϩʔν
ࡉ๔ڝ߹ݱ৅Λ਺ཧϞσϧΛ༻͍ͯղੳ͢ΔΞϓϩʔν͸ۙ೥࢝·ͬͨ͹͔ΓͰ͋Δɽࡉ๔ڝ
߹ݱ৅ͷཧղͷͨΊʹ਺ཧϞσϧΛ༻͍ͨ࠷ॳͷใࠂ͸ 2016೥ͰɼզʑͷݚڀάϧʔϓʹΑΔ΋
ͷͰ͋Δ [32]ɽ͜ͷݚڀͰ͸ɼϙϐϡϨʔγϣϯϞσϧΛ༻͍͓ͯΓɼࡉ๔਺ͷมԽΛهड़͢Δ
͜ͱʹಛԽ͢Δ͜ͱͰ༷ʑͳܥͷࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋ʹ͍ͭͯҰͭͷ਺ཧϞσϧͰઆ໌͢
Δ͜ͱ͕Ͱ͖ͨɽͦͷޙɼಛఆͷܥʹର৅Λߜͬͨݚڀ͕ଞͷάϧʔϓʹΑͬͯͳ͞ΕͨɽLeeΒ
͸ 2017೥ʹີ౓ʹґଘ͢ΔѹྗʹΑΓࡉ๔͕ػցతʹഉআ͞ΕΔܥʹ͍ͭͯண໨ͨ͠ɽ൴Β͸͜
ͷόʔςοΫεϞσϧΛ༻͍ͯ਺஋γϛϡϨʔγϣϯΛߦ͍ɼࡉ๔ڝ߹ʹ͓͚Δࡉ๔ͷഉআ͕૊
৫શମͷ੒௕ޮ཰΍ࡉ๔ີ౓ɼѹഭঢ়ଶͳͲͷվળΛ΋ͨΒ͢͜ͱ͕Λࣔࠦͨ͠ [33]ɽBoveΒ΋
2017೥ʹಉ͘͡ࡉ๔͕ػցతʹഉআ͞ΕΔܥʹண໨ͨ͠ [34]ɽ൴Β͸ in vitroͷ࣮ݧܥͷΠϝʔδ
ϯάͱີ౓΍ࡉ๔෼྾਺ɼࡉ๔ࢮͷൃੜ਺ͳͲΛม਺ͱͨ͠ৗඍ෼ํఔࣜΛ૊Έ߹ΘͤΔ͜ͱͰɼ
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ࡉ๔ͷ഑ஔ΍ີ౓ͱࡉ๔෼྾΍ࡉ๔ࢮͷؔ܎Λղੳͨ͠ɽͦͷ݁Ռɼࡉ๔ڝ߹Լʹ͋Δ૊৫ʹ͓
͍ͯࡉ๔ࢮ΍ࡉ๔෼྾͸ہॴతͳີ౓ʹґଘ͓ͯ͠Γɼมҟࡉ๔ʹྡ઀ͨ͠ਖ਼ৗࡉ๔Ͱ͸ࡉ๔෼
྾ͷස౓্͕ঢ͍ͯ͠Δ͜ͱΛ໌Β͔ʹͨ͠ɽTsuboiΒ͸όʔςοΫεϞσϧͱΠϝʔδϯάΛ
૊Έ߹Θͤɼࡉ๔͕ഉআ͞Εͨ͜ͱʹΑΓۭ͍ͨεϖʔε͸ഉআͨ͠ࡉ๔͕બ୒తʹ֦େ͢Δ͜
ͱͰٸ଎ʹຒΊΒΕΔ͜ͱΛγϣ΢δϣ΢όΤ੒஬ᠯݪجʹ͓͚Δܥʹ͓͍ͯ໌Β͔ʹͨ͠ [35]ɽ
͕ͨͬͯ͠ɼ͜ͷܥͰ͸ࡉ๔ڝ߹ʹΑΔࡉ๔ͷഉআ͕ൃੜ਺͕ଟ͍΄Ͳɼ૊৫Λ઎༗͢Δࡉ๔ू
ஂ͕ૉૣ͘੒௕͢Δ͜ͱ͕ࣔࠦ͞Εͨɽ
1.6.5 ຊݚڀͷಛ৭͓Αͼ֓ཁ
§1.6.4Ͱड़΂ͨଞͷݚڀάϧʔϓ͕༻͍ͨ਺ཧϞσϧ͸ۭؒతͳ഑ஔΛͦͷ··࠶ݱͨ͠਺ཧ
Ϟσϧʹͳ͍ͬͯΔ4ɽࡉ๔ڝ߹Ͱ͸ਖ਼ৗࡉ๔ͱมҟࡉ๔͕ྡ઀ͨ͠৔ॴͰͷΈഉআ͕ൃੜ͢Δͱ
͍͏ۭؒతͳ৚͕݅͋ΔͨΊɼ͜Ε͸ࣗવͳ͜ͱͰ͋Δɽ͔͠͠ɼ͜͏ͨ͠਺ཧϞσϧͰ͸ہॴ
తͳ࡞༻΍มԽΛଊ͑Δ͜ͱʹ͸ద͍ͯ͠Δ൓໘ɼࡉ๔਺ͷมԽͷΈΛղੳɾ༧ଌ͢Δ͜ͱʹؔ
ͯ͠͸৘ใྔ͕աଟͰ͋Γɼٯʹݱ৅ͷࠜఈʹ͋Δੑ࣭͕ݟ͑ͮΒ͘ͳͬͯ͠·͏ɽҰํɼຊݚڀ
Ͱ͸ɼ਺ͷมԽΛهड़͢Δ͜ͱʹಛԽͨ͠ϙϐϡϨʔγϣϯϞσϧ΁ۙࣅతʹۭؒ഑ஔͷ࡞༻Λ
ಋೖ͢Δ͜ͱͰࡉ๔ڝ߹ͷ਺ཧϞσϧΛߏஙͨ͠ɽ͜ΕʹΑΓɼߏஙͨ͠਺ཧϞσϧ͸ࡉ๔ڝ߹
Λܦͨ૊৫ͷӡ໋ͷ༧ଌͱ݁ՌΛࠨӈ͢ΔཁҼʹ͍ͭͯղੳ͢Δ͜ͱʹয఺Λ౰ͯͨ΋ͷͱͳͬ
͍ͯΔɽՃ͑ͯɼม਺΍ύϥϝʔλͷ਺Λগͳ͘཈͑ΒΕΔͨΊɼύϥϝʔλ͕ࡉ๔ڝ߹ʹٴ΅
͢Өڹʹ͍ͭͯ਺ֶతʹࢉग़͢Δ͜ͱ͕Ͱ͖Δͱ͍͏ར఺͕͋Δɽ
ຊݚڀͰߏஙͨ͠਺ཧϞσϧ͔ΒಘΒΕͨ݁Ռ͸ɼࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋͸ਖ਼ৗࡉ๔ͱม
ҟࡉ๔ͷ૿৩଎౓ͷࠩʹΑܾͬͯ·Δͱ͍͏ݹయతͳԾઆ [25,36]Λ൱ఆ͢Δ΋ͷͰ͋ͬͨɽͦ͏
Ͱ͸ͳ͘ɼਖ਼ৗࡉ๔ͱมҟࡉ๔͕୯ಠͰ૊৫Λߏ੒͢Δࡍͷ׬੒૊৫αΠζͷൺͱɼڥքʹ͓͚
Δมҟࡉ๔ͷഉআ཰͕૊৫ͷӡ໋ʹ͸ॏཁͰ͋Δ͜ͱ͕ࣔ͞ΕͨɽຊݚڀͰ͸ूஂదԠ౓ͱ͍͏ɼ
ͦͷܥͰਖ਼ৗࡉ๔͕มҟࡉ๔Λ׬શʹۦஞͰ͖ΔՄೳੑͷׂ߹Λࢦඪͱͯ͠ಋೖ͠ɼղੳղͱγ
ϛϡϨʔγϣϯͷʹΑΔ݁ՌΛൺֱͨ͠ɽͦͷ݁Ռɼ࣮ݧʹ͓͍༷ͯʑͳܥͰใࠂ͞Ε͍ͯΔࡉ
๔ڝ߹ͷ݁ՌΛแׅతʹઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽ
ຊ࿦จͷୈ 4ষͰ͸୅ঈੑ૿৩͕ࡉ๔ڝ߹ͷ݁Ռʹ༩͑ΔӨڹʹ͍ͭͯղੳͨ͠ɽࡉ๔ڝ߹͕
4ݫີʹ͸ BoveΒ͕༻͍ͨ਺ཧϞσϧ [34]͸ۭؒΛͦͷ··࠶ݱ͍ͯ͠ͳ͍ɽ͔͠͠ɼ஫໨ͨ͠ࡉ๔ͷपғͷঢ়گ
(ࡉ๔ͷີ౓)Λ࢖༻͓ͯ͠Γɼۭؒͷ৘ใΛ਺ཧϞσϧʹ௚઀औΓࠐΜͰ͍Δɽ൴Βͷ਺ཧϞσϧ͸ہॴతͳࡉ๔ࢮ΍
ࡉ๔෼྾ʹ஫໨͍ͯ͠ΔͨΊɼ૊৫ͷӡ໋ͷղੳʹ͸޲͔ͳ͍ͱߟ͑ΒΕΔ
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ൃੜ͢Δ૊৫ʹ͓͍ͯɼਖ਼ৗࡉ๔ʹ͸ڥքͰഉআͨ͠มҟࡉ๔ͷࡉ๔ࢮʹ༝དྷ͢Δ୅ঈੑ૿৩͕
ಇ͘ɽରͯ͠ɼมҟࡉ๔ʹ͸ڥքͰഉআ͞Εͨมҟࡉ๔ͷࡉ๔ࢮʹ༝དྷ͢Δ୅ঈੑ૿৩ͱɼมҟ
ࡉ๔ͷ಺ࡏੑͷࡉ๔ࢮʹ༝དྷ͢Δ୅ঈੑ૿৩ͷ 2छྨ͕ಇ͘ɽ਺ཧϞσϧΛߏங͠ɼղੳͨ݁͠
Ռɼਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩͸ɼࡉ๔ڝ߹ͷ݁ՌʹӨڹ͠ͳ͍͕ɼ૊৫ͷ׬੒ΛૣΊΔޮՌΛ
࣋ͭ͜ͱ͕໌Β͔ʹͳͬͨɽҰํɼมҟࡉ๔ʹಇ͘୅ঈੑ૿৩͸ࡉ๔ڝ߹ͷ݁ՌʹӨڹ͠ɼ୅ঈ
ੑ૿৩ͷ૿৩ဏਐ཰͕ߴ͍΄Ͳมҟࡉ๔͸ੜ͖ԆͼͯजᙾΛܗ੒͠΍͘͢ͳΔɽ͞Βʹɼ਺ཧϞ
σϧΛղੳతʹղ͘͜ͱͰɼมҟࡉ๔ʹಇ͘ 2छྨͷ୅ঈੑ૿৩ͷͲͪΒ͕ΑΓࡉ๔ڝ߹ͷ݁Ռ
ʹӨڹ͢Δͷ͔ΛఆྔԽ͢Δ͜ͱ͕Ͱ͖ɼݱ࣮ܥʹ͓͍ͯ͸ࡉ๔ڝ߹ʹ༝དྷ͢Δ΋ͷͷํ͕ΑΓ
Өڹ͢ΔՄೳੑ͕͋Δ͜ͱΛࣔͨ͠ɽ
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ୈ2ষ Cell CompetitionϞσϧ
ຊষͰ͸ §1.6.1Ͱ΋ड़΂ͨϙϐϡϨʔγϣϯϞσϧʹج͖ͮɼࡉ๔ڝ߹ݱ৅Λแׅతʹهड़Մ
ೳͳ਺ཧϞσϧ (Cell CompetitionϞσϧ = CCϞσϧ)Λߏஙͨ͠ɽҎԼͰ͸·ͣɼCCϞσϧͷ
جͱͳͬͨϙϐϡϨʔγϣϯϞσϧʹ͍ͭͯ঺հ͢ΔɽͦͷޙɼCCϞσϧͷߏங͓Αͼղੳ݁Ռ
ʹ͍ͭͯड़΂Δ [32]ɽ
2.1 ਺ཧϞσϧ
2.1.1 ࡉ๔૿৩ͷఀࢭͷߟ͑ํ
ຊ࿦Ͱ͋Δࡉ๔ڝ߹ͷ໰୊ʹೖΔલʹɼࡉ๔਺Ͱهड़͞ΕΔ૊৫ܗ੒ͷ໰୊Λߟ͑Δɽൃੜա
ఔʹ͓͍ͯɼࡉ๔਺ͷ૿Ճ͸૊৫͕ਖ਼ৗͳαΠζ·Ͱୡͨ࣌͠ʹఀࢭ͢Δඞཁ͕͋ΔɽͦΕ͕ى
͜Δʹ͸ 2௨Γͷ৔߹͕͋Δͱߟ͑ΒΕΔɽࡉ๔૿৩ͱࡉ๔ࢮͷ௼Γ߹͍ʹΑΓࡉ๔਺͕ฏߧঢ়
ଶʹͳΔ৔߹ͱɼ૿৩཰ࣗମ͕ 0ʹͳΔ৔߹Ͱ͋Δɽ
ຊݚڀͰ͸ɼޙऀͷ৔߹ΛԾఆͨ͠ (લऀͷ৔߹ʹ͍ͭͯ͸Appendix §S1Ͱٞ࿦ͨ͠)ɽ਺ཧϞ
σϧʹ͓͍ͯओʹ஫໨͍ͯ͠Δγϣ΢δϣ΢όΤ੒஬ᠯݪجͷܥͰ͸ɼ׬੒૊৫ʹ͓͚Δࡉ๔਺͸
ࡉ๔ࢮʹΑͬͯͰ͸ͳ͘ɼࡉ๔෼྾ͷ཈੍ʹΑͬͯ੒͞ΕΔ͜ͱ͕ใࠂ͞Ε͍ͯΔͨΊͰ͋Δ [37]ɽ
Ճ͑ͯɼ਺ཧϞσϧ͕؆୯ԽͰ͖ɼ਺ֶతͳղੳ͕ՄೳʹͳΔͱ͍͏ར఺΋͋Δɽ
૊৫͕ਖ਼ৗͳ׬੒αΠζʹͳͬͨ࣌ʹࡉ๔ͷ૿৩཰Λ཈੍͢Δͷ͸ɼ઀৮཈੍ (contact inhibition)
ͱݺ͹ΕΔ࡞༻Ͱ͋Δͱߟ͑ΒΕΔɽ͢ͳΘͪɼࡉ๔͸पғͷີ౓Λࣗ਎͕ड͚Δྗ΍γάφϧ
఻ୡ෺࣭Ͱײ஌͓ͯ͠Γɼີ౓͕ߴ͘ͳΔʹͭΕͯ૿৩཰͕཈੍͞ΕΔͷͰ͋Δ [38,39]ɽ͜͏͠
ͨࡉ๔਺ͷಈଶ͸ɼγϣ΢δϣ΢όΤ੒஬ᠯݪجʹ͓͚Δ࣮ݧͰ΋؍࡯͞Ε͍ͯΔ (Appendix §S3
ਤ 24)ɽ౰વɼࡉ๔ूஂ͕৳ల͢Δ͜ͱ͕Ͱ͖Δۭ͕ؒແݶʹ޿͚Ε͹ɼີ౓͸্ঢ͠ͳ͍ɽͦͷ
ͨΊɼຊݚڀͰ͸γϣ΢δϣ΢όΤ੒஬ᠯݪجͷΑ͏ʹɼࡉ๔ूஂͷ֎ଆʹ͸ࡉ๔ूஂΛด͡ࠐ
ΊΔʮൽບʯͷΑ͏ͳߏ଄͕͋Δ͜ͱΛԾఆͨ͠ɽҎԼͰ͸ɼ૊৫͕ਖ਼ৗͳ׬੒αΠζʹͳͬͨ
࣌ʹࡉ๔ͷ૿৩཰͕ 0ʹͳΔͱ͍͏ੑ࣭Λ࣋ͬͨݹయతͳϙϐϡϨʔγϣϯϞσϧʹ͍ͭͯड़΂
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͍ͯ͘ɽ
2.1.2 Logisticํఔࣜ
ຊݚڀͰߏஙͨ͠਺ཧϞσϧʹ͍ͭͯهड़͢ΔલʹɼೋͭͷݹయతͳϙϐϡϨʔγϣϯϞσϧ
Λࡉ๔ूஂͷࡉ๔਺ಈଶʹదԠ͢Δ͜ͱΛߟ͑ΔɽҰͭ໨͸ɼ§1.6.1Ͱड़΂ͨ 1छྨͷݸମ܈ͷ੒
௕Λهड़ͨ͠ Logisticํఔࣜ 1Ͱ͋Δɽ͜ͷࣜʹ͓͚Δ 1ݸମΛ 1ࡉ๔ʹஔ͖׵͑ͯߟ͑Δͱɼx
͸ࡉ๔਺Λද͠ɼࡉ๔਺͕গ਺ͷ࣌ɼࡉ๔ͷ૿৩཰͸ rͱͳΔɽ
§1.6.1Ͱٞ࿦ͨ͠Α͏ʹɼx = Kͷ࣌ʹࡉ๔ͷ૿৩཰͸ 0ʹͳΔ͜ͱ͕෼͔Δɽ͕ͨͬͯ͠ɼ͜
ͷ K͕ͦ͜૊৫͕ਖ਼ৗͳ׬੒αΠζʹͳͬͨ࣌ͷࡉ๔਺Λද͢ɽ͜͜Ͱɼ֤ʑͷࡉ๔ͷେ͖͕͞౳
͍͠ͱԾఆ͢ΔͱɼK͸׬੒ͨ͠૊৫ͷαΠζͱ΋͍͑Δɽࡉ๔਺ xͷ૿ՃʹԠͨ͡૿৩཰ͷ௿Լ
ͷݪҼ͸લड़ͷ઀৮཈੍Ͱ͋ΔͱࢥΘΕΔɽࡉ๔ڝ߹ͷมҟࡉ๔ͷଟ͘͸जᙾݪੑͷࡉ๔Ͱ͋Γɼ
͜͏ͨ͠ࡉ๔͸઀৮཈੍ͷػߏ่͕յ͍ͯ͠ΔͨΊա૿৩Λى͜͢͜ͱ͕؍࡯͞Ε͍ͯΔ [40]ɽͭ
·Γɼजᙾݪੑͷࡉ๔͸ີ౓Λײ஌ͯ͠૿৩཰Λ௿Լͤ͞Δػߏ͕ഁ୼͓ͯ͠Γɼલड़ͷ૊৫ͷ
ʮൽບʯ͢Βഁͬͯ૿৩͍ͯ͘͠ͷͰΔɽ͕ͨͬͯ͠ɼजᙾݪੑͷࡉ๔ʹ͍ͭͯߟ͑Δඞཁ͕͋Δ
࣌ɼ؀ڥऩ༰ྗ K͸े෼େ͖͘͢Δ͔ɼ∞ͱ͢Δඞཁ͕͋Δ1ɽ
͜͜Ͱɼ͜ͷ਺ཧϞσϧʹ͓͚Δ r͸׬੒૊৫αΠζʹ͸Өڹͤͣɼ૊৫׬੒·Ͱͷ࣌ؒʹͷ
ΈӨڹ͢Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽ
2.1.3 Lotka–Volterra (LV)ڝ߹Ϟσϧ
ೋͭ໨ͷϙϐϡϨʔγϣϯϞσϧ͸ Lotka–Volterra (LV)ڝ߹ϞσϧͰ͋Δ2ɽ͜ͷ਺ཧϞσϧ͸
2छྨͷੜ෺ͷ܈Ε͕Ӥ΍ੜ׆ݍͱ͍ͬͨڞ௨͔ͭ༗ݶͷࢿݯΛୣ͍߹͍ͳ͕Β૿ݮ͢Δ༷ࢠΛද
͍ͯ͠Δ [28, 29]ɽ͜ͷ਺ཧϞσϧΛ༻͍Δ͜ͱͰɼ૊৫಺ʹ 2छྨͷࡉ๔ (ਖ਼ৗࡉ๔ Xͱมҟࡉ
๔ Y)͕ 1૚Ͱଘࡏ͢Δঢ়گʹ͍ͭͯߟ͑Δ͜ͱ͕Ͱ͖ΔɽͦΕͧΕͷࡉ๔ͷࡉ๔਺ͷಈଶ͸ҎԼ
1K Λे෼େ͖͘͢Δͱɼ਺ཧϞσϧ͸ K = ∞ͱఆੑతʹಉ͡ڍಈΛࣔ͢ɽ K = ∞Λຬͨ࣌͢ɼlogisticํఔࣜ͸Ϛ
ϧαεϞσϧͱͳΔ
2͜͜Ͱ͍͏ LVڝ߹Ϟσϧ͸ Lotka–Volterra (LV)ั৯–ඃั৯Ϟσϧͱ͸ҟͳΔɽLotka–Volterra (LV)Ϟσϧʹύϥ
ϝʔλͷؔ܎ʹΑΓ 3छྨ͋ΓɼLVั৯–ඃั৯Ϟσϧ͸ Lotka–VolterraϞσϧͷதͰ࠷΋༗໊ͳङΒΕΔੜ෺ͱङΔ
ੜ෺ͷݸମ܈ಈଶͷ਺ཧϞσϧͰ͋Δɽ༗໊ͳ΢αΪͱϠϚωίͷ਺ͷมԽͷ਺ཧϞσϧ͸͜Εʹ͋ͨΔɽ
LVڝ߹ɼLVั৯–ඃั৯ʹଓ͘࠷ޙͷ 1छྨ͸ڞੜϞσϧͰ͋Δɽ͜ͷ৔߹ɼ2छྨͷݸମ܈͸ޓ͍ʹརӹΛ΋ͨ
Β͠ɼ૬खͷ਺͕૿͑Δ΄Ͳࣗ਎΋૿Ճ͠΍͘͢ͳΔɽ
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ͷࣜͰද͞ΕΔ:
dx
dt
= rx(1 − x + axyKx )x,
dy
dt
= ry(1 − y + ayxKy )y.
(2)
͜͜Ͱ xͱ y͸ࡉ๔छ Xͱ Yͷࡉ๔਺ΛͦΕͧΕද͢ɽύϥϝʔλ rxͱ ry͸ §2.1.2ͷ rͱಉ༷ʹɼ
ͦΕͧΕͷࡉ๔ͷॳظ૿৩཰Ͱ͋Δɽࣜ (2)ʹ͓͍ͯɼڞ௨ͷࢿݯΛࡉ๔छ Xͱ Y ͕ୣ͍߹͏ͨ
Ίɼࡉ๔਺͕૿Ճͯ͘͠Δͱ૿৩཰͸ rx(1 − x + axyKx )͓Αͼ ry(1 −
y + ayx
Ky
)ͱ͍͏ܗʹมܗ͢Δɽ
ࡉ๔छ Xͱ Y͸୯ಠͷछྨͷࡉ๔Ͱ૊৫Λߏ੒͢Δ࣌ɼͦΕͧΕ؀ڥऩ༰ྗ Kxͱ Ky·Ͱࡉ๔
਺͕૿Ճ͢Δɽ͕ͨͬͯ͠ɼKxͱ Ky͸ͦΕͧΕͷࡉ๔ज୯ಠͰ૊৫Λߏ੒͢Δ৔߹ͷ૊৫ͷ׬
੒αΠζͱߟ͑Δ͜ͱ͕Ͱ͖Δɽ
͜͜Ͱ͸ɼࡉ๔छ Xͱ Y ͕ڞʹଘࡏ͢Δঢ়گΛߟ͍͑ͯΔɽͦͷͨΊɼ૬खͷࡉ๔ʹର͢Δۭ
ؒͱ͍͏ڞ௨ͷࢿݯͷ 1ࡉ๔͋ͨΓͷ઎༗཰Λ axͱ ayΛ༻͍ͯද͢ɽྫ͑͹ ax > 1ͷ࣌ɼࡉ๔छ
Y ͸ࡉ๔छ Xʹൺ΂ͯେ͖͘ Kx಺ͷۭؒΛ઎༗͢Δ͜ͱʹͳΔɽݴ͍׵͑Δͱɼࡉ๔छ X͕ Kx
ͷେ͖͞ͷۭؒΛ 1ͷׂ߹Ͱ઎༗͢Δ࣌ɼࡉ๔छ Y ͸ axͷׂ߹Ͱ઎༗͍ͯ͘͠ɽྫ͑͹ࡉ๔छ X
ͷ 1ࡉ๔ͷେ͖͕͞ࡉ๔छ Y ͷ΋ͷΑΓେ͖͍࣌ɼࡉ๔छ X͸ Y ΑΓେ͖ͳۭؒΛ 1ࡉ๔͕઎༗
͢Δɽ͜ͷ͜ͱΛදͨ͢Ίʹ͸ ax < 1⇔ ay = 1/ax > 1ͱ͢Ε͹ྑ͍ɽ͜͜Ͱ͸ҎԼͷؔ܎ࣜΛ༻
͍͍ͯΔ:
axay = 1. (3)
ࣜ (2)Ͱ͸ɼ௨ৗ −dxx΍ −dyyͷܗͰॻ͔ΕΔΑ͏ͳ಺ࡏੑͷࡉ๔ࢮΛཅʹؚΜͰ͸͍ͳ͍ɽ͠
͔͠ɼ͜ΕΒΛߟྀͯ͠΋਺ཧϞσϧͷੑ࣭͸มԽ͠ͳ͍ͨΊ (Appendix §S2)ɼຊߘͰ͸ࣜ (2)Λ
جʹٞ࿦ΛਐΊΔɽ
2.1.4 Cell CompetitionϞσϧ
͜Ε·Ͱʹ঺հͨ͠ೋͭͷ਺ཧϞσϧ (ࣜ (1), (2))͸ࡉ๔छؒͷ௚઀తͳ૬ޓ࡞༻ΛऔΓѻͬͯ
͍ͳ͍ɽLVڝ߹Ϟσϧ͸ࡉ๔ؒͷ૬ޓ࡞༻Λߟྀ͍͕ͯͨ͠ɼ͜Ε͸૊৫಺ͷࢿݯ (ۭ͍ۭͨؒ)
Λհͨؒ͠઀తͳ΋ͷͰ͋Δ3ɽҰํɼࡉ๔ڝ߹Ͱ͸ਖ਼ৗࡉ๔͸ྡ઀ͨ͠มҟࡉ๔ͷΈΛഉআ͢
Δ [5, 41]ɽ͜Ε͸ࡉ๔ؒͷ௚઀తͳ૬ޓ࡞༻Ͱ͋Δɽ͕ͨͬͯ͠ɼࡉ๔ڝ߹ঢ়ଶʹ͋Δ૊৫Λ਺
3΋͠શͯͷࡉ๔͕౳͍֬͠཰Ͱ઀৮Ͱ͖Δ΄Ͳࣗ༝ʹಈ͖ճ͍ͬͯΔͷͳΒ͹ɼ઀৮ʹΑΔ௚઀తͳ૬ޓ࡞༻Λه
ड़Ͱ͖ΔՄೳੑ͸͋Δɽ͔͠͠ɼࡉ๔ڝ߹͕ൃੜ͢Δͷ͸্ൽ૊৫Ͱ͋Δ͜ͱ͕΄ͱΜͲͳͷͰɼࡉ๔ͷಈ͖ͷࣗ༝౓
͸͔ͳΓ௿͍ͱߟ͑ΒΕΔɽ
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ཧϞσϧͰදͨ͢Ίʹ͸લड़ͷؒ઀తͳ૬ޓ࡞༻͚ͩͰ͸ͳ͘௚઀తͳ૬ޓ࡞༻΋ߟྀ͢Δඞཁ
͕͋Δɽͦ͜ͰɼຊݚڀͰ͸ࣜ (2)ʹࡉ๔छ X-Y ؒͷ௚઀తͳ૬ޓ࡞༻Λಋೖͨ͠ɽ
௚઀తͳ૬ޓ࡞༻Λߟྀ͢Δʹ͋ͨΓɼ؆୯ͷͨΊຊݚڀͰ͸ೋ࣍ݩฏ໘্Ͱมҟࡉ๔ Y ͕ਖ਼
ৗࡉ๔ XʹपғΛғ·Ε͍ͯΔͱ͍͏ঢ়گΛߟ͑ͨ (ਤ 6)ɽ͜Ε͸ଟ͘ͷ࣮ݧܥͰ؍࡯͞ΕΔঢ়گ
Ͱ͋Δ4ɽ͜ͷ࣌ɼมҟࡉ๔ͷഉআ͸྆ࡉ๔ूஂͷڥքͰى͖ΔͨΊɼ୯Ґ࣌ؒ͋ͨΓʹഉআ͞Ε
Δมҟࡉ๔ͷ਺͸ڥքͷ௕͞ʹൺྫ͢Δͱߟ͑ΒΕΔɽ͜͜Ͱ΋͠ɼऔΓғ·Ε͍ͯΔมҟࡉ๔
ूஂ͕൒ܘ Rͷਅԁঢ়ʹ෼෍͍ͯ͠ΔͷͳΒ͹ɼڥքͷ௕͞͸͓͓Αͦ 2πRͱͳΔɽҰํɼऔΓ
ғ·Ε͍ͯΔมҟࡉ๔ͷ਺ y͸ਅԁͷ໘ੵ πR2ʹൺྫ͢Δͱߟ͑ΒΕΔɽ͜ͷೋͭΛ߹Θͤͯߟ
͑Δͱɼڥքͷ௕͞͸
√
yʹൺྫ͢Δ͜ͱ͕෼͔Δɽ͕ͨͬͯ͠ɼมҟࡉ๔਺ yΛ༻͍Δ͜ͱͰɼ
ڥքʹ͓͚Δมҟࡉ๔ͷഉআʹΑΔࡉ๔਺ͷݮগ͸ −by √y (y ≥ 0)ͱهड़͢Δ͜ͱ͕Ͱ͖Δɽ͜͜
Ͱɼby͸ڥքͰͷࡉ๔ڝ߹ݱ৅ʹΑΔഉআ཰Λද͢܎਺Ͱ͋Δɽ
͜Ε·Ͱ͸ɼڥքͷܗ͕ਅԁͰ͋Δ৔߹Λߟ͖͑ͯͨɽ͔͠͠ɼݱ࣮ܥʹ͓͍ͯ͸ڥքͷܗ͕
ΑΓෳࡶͳՄೳੑ͕ߴ͍ɽͦ͜ͰϑϥΫλϧ࣍ݩʹ૬౰͢Δύϥϝʔλ DΛಋೖ͢Δ͜ͱͰɼΑ
Γෳࡶͳڥք΋ؚΊͯهड़Մೳͳࣜ΁ͱվྑͨ͠ɽ͢ͳΘͪɼڥքʹ͓͚Δมҟࡉ๔ͷഉআޮՌ
͸ −byyD/2ͱهड़͞ΕΔɽྫ͑͹ڥքͷܗ͕ਅԁͷ৔߹ɼD = 1ͱͳΓ (ਤ 6A)ɼࡉ๔ͷҠಈ౳ͷ
ӨڹͰڥքͷܗ͕ΑΓෳࡶͳ৔߹͸ 1 < D < 2ͱͳΔ (ਤ 6B)ɽҰํɼڥքʹਖ਼ৗࡉ๔͕े෼ଘࡏ
͠ͳ͍ঢ়گ΋ߟ͑ಘΔɽͦͷ৔߹ɼมҟࡉ๔ͷഉআ͸ڥքͷҰ෦ͰͷΈى͖ΔͨΊ 0 < D < 1ͱͳ
Δ (ਤ 6C)ɽҎ্ΑΓɼຊݚڀͰ͸ 0 < D < 2ͷྖҬͷΈΛऔΓѻ͏ɽ͜͜Ͱ D < 2ͱͳΔཧ༝͸ɼ
ೋ࣍ݩฏ໘্ͷݱ৅Λର৅ͱ͍ͯ͠ΔͨΊͰ͋Δɽ
ܥʹΑͬͯ͸ɼڥքʹ͓͚Δഉআ͸ӷੑҼࢠʹΑ੍ͬͯޚ͞Εɼྡ઀͢Δࡉ๔͔Β਺ࡉ๔΄Ͳ
ྡͷࡉ๔Ͱ΋ൃੜ͢Δͱ͍͏ใࠂ͕͋Δ [19]ɽ͜͏͍ͬͨ৔߹΋ɼഉআ͞ΕΔࡉ๔਺͸ڥքͷ௕
͞ʹൺྫ͢Δͱߟ͑ΒΕΔͷͰɼഉআ཰Λද͢ύϥϝʔλ byͷେ͖͞Λௐ੔͢Δ͜ͱͰද͢͜ͱ
͕Ͱ͖Δɽ
ڥքʹ͓͚Δมҟࡉ๔ͷഉআΛࣜ (2)ʹಋೖͨ͠਺ཧϞσϧ͸ҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δ:
dx
dt
= rx(1 − x + axyKx )x,
dy
dt
= ry(1 − y + ayxKy )y − byy
D
2 .
(4)
͜͜Ͱɼࡉ๔छ X͸ࡉ๔छ Y Λे෼ʹғΉ͜ͱ͕Ͱ͖Δ΄Ͳଟ͍ඞཁ͕͋Δ (Appendix §S4)ɽ͠
4SimpsonͱMorataʹΑͬͯਖ਼ৗࡉ๔ूஂ X ͕มҟࡉ๔ूஂ Y ʹғ·Ε͍ͯΔঢ়گ΋ௐ΂ΒΕ͍ͯΔ [36]ɽ͜ͷঢ়
گʹదͨ͠ܗʹมܗͨ͠਺ཧϞσϧͱͦͷղੳ݁Ռ͸ Appendix §S7Ͱड़΂ͨɽ
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ਤ 6: CCϞσϧ (ࣜ (4))ͷ֓೦ਤɽX͸ਖ਼ৗࡉ๔Λද͠ɼY ͸มҟࡉ๔Λද͢ɽR͸มҟࡉ๔ Y
͕઎ΊΔྖҬͷ൒ܘͰ͋ΔɽA͸ D = 1, B͸ 1 < D < 2, C͸ 0 < D < 1ͷঢ়گΛͦΕͧΕද͢ɽ
จݙ [32]ΑΓసࡌɽ
͕ͨͬͯɼ͜ͷ਺ཧϞσϧ͸ x ≫ 0ͷ৔߹ͷΈΛର৅ͱ͍ͯ͠Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽ
ࣜ (4)ʹ͓͍ͯɼͦΕͧΕͷࣜͷୈ 1߲͸ x + axy > Kx·ͨ͸ y + ayx > Kyͱͳͬͨ࣌ɼෛͷ஋
ΛऔΔɽ͜ͷ࣌ɼ૊৫ʹڐ༰Ͱ͖ΔྔΛ௒͑ͨࡉ๔਺͕ଘࡏ͠ɼͦΕͧΕͷࡉ๔͸ߴີ౓ঢ়ଶͱ
ͳΓɼͦΕ͕ݪҼͱͯ͠ࡉ๔ࢮ͢ΔΑ͏ͳ৔߹Λ૝ఆͨ͠5ɽ
2.2 ݁Ռ
2.2.1 CCϞσϧͷແ࣍ݩԽ
ղੳʹઌۦ͚ɼCCϞσϧͷແ࣍ݩԽΛߦͬͨɽCCϞσϧ͸ҎԼͷม਺ͱύϥϝʔλΛ༻͍Δ
͜ͱͰແ࣍ݩԽ͢Δ͜ͱ͕Ͱ͖Δ:
x˜ =
x
Kx
, y˜ =
y
Ky
, τ = rxt
ρ =
ry
rx
, κ =
axKy
Kx
, κy =
ayKx
Ky
= 1/κ, β =
by
rx
KD/2−1y .
(5)
5ࣜ (2)ͱಉ༷ʹɼ͜ͷࣜͰ΋಺ࡏੑͷࡉ๔ࢮΛཅʹදͯ͠͸͍ͳ͍ɽ಺ࡏੑͷࡉ๔ࢮΛߟྀͨ͠৔߹΋ɼಉ༷ͷܗ
ͱͳΓɼࣜͷੑ࣭͸มΘΒͳ͍ͨΊ (Appendix §S2)ɼຊݚڀͰ͸ࣜ (4)Λ༻͍ͨɽ
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͜͜Ͱ x˜ > 0ɼy˜ > 0Ͱ͋Δɽ͜ΕΒΛ༻͍Δͱɼແ࣍ݩԽͨ͠ CCϞσϧ͸ҎԼͷΑ͏ʹॻ͘͜
ͱ͕Ͱ͖Δ:
dx˜
dτ
= (1 − x˜ − κy˜)x˜ ≡ f (x˜, y˜),
dy˜
dτ
= ρ(1 − y˜ − 1
κ
x˜)y˜ − βy˜D/2 ≡ g(x˜, y˜).
(6)
͜͜ͰɼͦΕͧΕͷύϥϝʔλͷҙຯ͸ແ࣍ݩԽલͱมԽ͸ͳ͘ɼκ͸ਖ਼ৗࡉ๔ʹର͢Δมҟࡉ๔
ͷ૬ରతͳ؀ڥऩ༰ྗɼβ(≥ 0)͸มҟࡉ๔ͷഉআ཰Λද͢ɽͨͩ͠ɼρ(> 0)͸ਖ਼ৗࡉ๔ͷ૿৩཰Λ
1ͱͨ࣌͠ͷ૬ରతͳ૿৩཰ͱͳ͍ͬͯΔ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽ
2.2.2 CCϞσϧͷੑ࣭
ද 2: ύϥϝʔλ৚݅ͱ CCϞσϧͷڍಈɽ
ύϥϝʔλ৚݅ ྫͱͳΔਤ ղͷऩଋ ܥͷ෼ྨɹ ׬੒૊৫αΠζɹ F ରԠ͢Δ࣮ݧܥͷྫ
κ = 1 β > 0 ਤ 7A, 8 S1 (a) ਖ਼ৗ 1 Minute [2]
β = 0 ਤ 7B, 9(Appendix) L (c) ਖ਼ৗ 0
κ < 1 β ≥ 0 ਤ 7C S1 (a) ਖ਼ৗ 1 Myc [19]
0 < β < βyc ਤ 7D, 10 S1 or Q2 (d) ਖ਼ৗ orաܗ੒ ࣜ (16) scrib [4], lgl [42]
κ > 1 β ≥ βyc ਤ 7E S1 (a) ਖ਼ৗ 1 Rab5 [17]
β = 0 ਤ 7F, 11 Q2 (b) աܗ੒ 0 scrib+eiger [4]
ຊݚڀͰ͸·ͣɼߏஙͨ͠ CCϞσϧͷੑ࣭Λ೺Ѳ͢Δ͜ͱʹऔΓ૊Μͩɽࣜ (6)ʹؚ·ΕΔύ
ϥϝʔλͷؔ܎ʹґଘͯ͠ɼͦͷৼΔ෣͍͸େ͖͘ҟͳΔ (ද 2)ɽͦͷ༷ࢠΛઆ໌͢ΔͨΊʹɼਤ
7ʹࣜ (6)ͷ૬ฏ໘ਤΛࣔ͢6(ৄࡉͳղੳʹ͍ͭͯ͸Appendix§S5ʹࣔͨ͠)ɽ૬ฏ໘ਤͱ͸ x-yฏ
໘্ͰղͷڍಈΛࣔͨ͠΋ͷͰ͋Δɽ૬ฏ໘ਤͰ͸ɼͦΕͧΕͷม਺ͷψϧΫϥΠϯ7ͱϕΫτϧ
ͷ޲͖ΑΓɼม਺͕೚ҙͷ஋ͱͳͬͨ࣌ͷղͷڍಈΛ஌Δ͜ͱ͕Ͱ͖Δɽྫ͑͹ɼਤ 7AͰ͸ɼϕ
Ϋτϧ৔ͷ༷ࢠΑΓશͯͷղ͕࠷ऴతʹฏߧ఺ S1ʹ޲͔͏͜ͱ͕෼͔ΔɽCCϞσϧͷψϧΫϥ
Πϯ͸ x˜-ψϧΫϥΠϯ f (x˜, y˜) = 0ͱ y˜-ψϧΫϥΠϯ g(x˜, y˜) = 0͕ଘࡏ͢Δɽ͜͜Ͱ x˜-ψϧΫϥΠ
ϯ f (x˜, y˜) = 0͸
x˜ = 0, (7)
x˜ + κy˜ = 1, (8)
6ͨͩ͠ɼఆٛ௨Γ 0 < D < 2ͷൣғͷΈΛߟྀͨ͠ɽ·ͨɼCCϞσϧ͸ x˜ > 0ΛԾఆ͍ͯ͠Δ͕ɼx˜͕ 0ʹ͍ۙྖ
ҬͰͷڍಈΛ೺Ѳ͢ΔͨΊʹղੳͰ͸ x˜ = 0ͷฏߧ఺ͷ҆ఆੑʹ͍ͭͯ΋ௐ΂ͨɽ
7ψϧΫϥΠϯͱ͸͋Δม਺ʹΑΔඍ෼͕ 0ͱͳΔ఺ͷू߹Ͱ͋Δɽྫ͑͹ɼࣜ (4)ʹ͓͚Δ xʹ͍ͭͯͷํఔࣜͷ
ψϧΫϥΠϯ͸ dx/dt = 0Λຬͨ͢ xͱ yͷू߹Ͱද͞ΕΔɽ
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ਤ 7: CCϞσϧͷ૬ฏ໘ਤɽͦΕͧΕͷ૬ฏ໘ਤ͕ݱΕΔύϥϝʔλ৚݅͸ද 2ʹ·ͱΊͨɽx˜-
ψϧΫϥΠϯ f (x, y) = 0ͱ y˜-ψϧΫϥΠϯ g(x, y) = 0͸ͦΕͧΕ੺ͱ੨ͷઢͰࣔͨ͠ɽ੨ͷ఺ઢ
͸มҟࡉ๔͕୯ಠͰ૊৫Λߏ੒͢Δ৔߹ͷ׬੒૊৫αΠζ (y˜+ 1/κx˜ = 1)Λද͍ͯ͠ΔɽS0(0, 0),
S1(1, 0), Q1(0, δ1), Q2(0, δ2), S2(xS 2 , yS 2 )͸ฏߧ఺Ͱ͋Γɼࠇؙ͕҆ఆฏߧ఺ɼനؙ͕ෆ҆ఆฏߧ
఺Λද͢ɽύϥϝʔλ͸ ρ = 1, D = 1ʹઃఆͨ͠ɽഉআ཰ βʹ͍ͭͯ͸ɼA, CͰ͸ β ≃ 0.0670ɼ
Bͱ FͰ͸ β = 0ɼDͰ͸ β ≃ 0.0612ɼEͰ͸ β ≃ 0.1837ͱͨ͠ɽ؀ڥऩ༰ྗ αxͱ αyʹ͍ͭͯ
͸ɼAͱ BͰ͸ κ = 1ɼCͰ͸ κ = 5/6(< 1)ɼD–FͰ͸ κ = 6/5(> 1)ͱͨ͠ɽจݙ [32]ΑΓվม
ͯ͠సࡌɽ
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y˜-ψϧΫϥΠϯ g(x˜, y˜) = 0͸ɼ
y˜ = 0, (9)
ρ(1 − y˜ − 1
κ
x˜)y˜1−D/2 − β = 0, (10)
Ͱ͋Δɽਤ 7಺ͷ੺ͱ੨ͷઢ͸ͦΕͧΕ x˜-ψϧΫϥΠϯͱ y˜-ψϧΫϥΠϯΛද͢ɽ͜͜Ͱɼx˜+κy˜ =
1↔ x + axy = Kx(ਤ 7಺ͷ੺͍ࣼΊͷ௚ઢ)͸ɼਖ਼ৗͳ૊৫αΠζʹରԠ͢Δ͜ͱʹ஫ҙ͕ඞཁͰ
͋Δɽฏߧ఺͸ x˜-ψϧΫϥΠϯͱ y˜-ψϧΫϥΠϯͷަ఺ʹҐஔ͢Δɽ૬ฏ໘ਤΛݟΔͱɼฏߧ఺
S0(0, 0), S1(1, 0), Q1(0, δ1), Q2(0, δ2)͕Ͳͷ৔߹Ͱ΋ڞ௨ʹଘࡏ͢Δ͜ͱ͕෼͔Δɽ͜ΕΒʹՃ͑
ͯਤ 7Dͷ৔߹ʹ͸ฏߧ఺ S2(x˜S 2 , y˜S 2 )͕ɼਤ 7Bͷ৔߹ʹ͸ฏߧ఺ͷू߹Ͱ͋Δ L(x˜L, y˜L)͕ଘࡏ
͢Δɽ
ਤ 7ΑΓɼCCϞσϧͷڍಈ͸େ͖࢛ͭ͘ͷ৔߹ʹ෼ྨͰ͖Δ͜ͱ͕෼͔Δɽ͢ͳΘͪɼa)ॳظ
஋ʹؔΘΒͣղ͕҆ఆฏߧ఺ S1ʹऩଋ͢Δ৔߹ (ਤ 7A, C, E)ɼb)ॳظ஋ʹؔΘΒͣղ͕҆ఆฏߧ
఺ Q2 ʹऩଋ͢Δ৔߹ (ਤ 7F)ɼc)ॳظ஋ʹؔΘΒͣղ͕ Lʹऩଋ͢Δ৔߹ (ਤ 7B)ɼd)ॳظ஋ʹ
Αͬͯղ͕ S1ͱQ2ͷͲͪΒʹऩଋ͢Δͷ͔ܾ·Δ৔߹ (ਤ 7D)ͷ࢛ͭͰ͋Δ (ද 2)ɽ͜ΕΒΛ෼
͚Δͷ͸ɼx˜-ψϧΫϥΠϯ (8)ͱ y˜-ψϧΫϥΠϯ (10)ͷҐஔؔ܎Ͱ͋Δɽy˜-ψϧΫϥΠϯ (10)͕ x˜-
ψϧΫϥΠϯ (8)ͷ׬શʹ಺ଆʹ͋Δ৔߹ɼܥ͸ (a)ͷ৔߹ͱͳΔɽ൓ରʹ y˜-ψϧΫϥΠϯ (10)͕
x˜-ψϧΫϥΠϯ (8)ͷ׬શʹ֎ଆʹ͋Δ৔߹ɼܥ͸ (b)ͷ৔߹ͱͳΔɽೋͭͷψϧΫϥΠϯ͕ަΘ
Δ৔߹͸ (d)ͱͳΓɼ׬શʹॏͳΔͳΒ͹ (c)ͱͳΔͷͰ͋Δɽ
CCϞσϧͷڍಈΛࠨӈ͢ΔψϧΫϥΠϯͷҐஔ͸ɼ૬ରతͳ؀ڥऩ༰ྗ κͱഉআ཰ βʹΑͬͯ
ܾ·Δ (ද 2)ɽڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ଘࡏ͢Δ࣌ (β ! 0)ɼx˜-ψϧΫϥΠϯ (8)ͱ y˜-ψϧΫ
ϥΠϯ (10)ͷҐஔؔ܎͸ෆ҆ఆฏߧ఺ S2(x˜S 2 , y˜S 2 )͕ୈҰ৅ݶʹଘࡏ͢Δ͔൱͔Ͱ൑ผ͢Δ͜ͱ͕
Ͱ͖Δɽฏߧ఺ S2͸ x˜-ψϧΫϥΠϯ (8)ͱ y˜-ψϧΫϥΠϯ (10)ͷަ఺ͳͷͰҎԼͷΑ͏ʹٻΊΔ
͜ͱ͕Ͱ͖Δ:
x˜S 2 = 1 − κy˜S 2 ,
y˜S 2 =
{
β
ρ(1 − 1/κ)
}2/(2−D)
.
(11)
ͨͩ͠ɼβ > 0͔ͭ κ > 1Ͱ͋Δɽ΋͠ɼࣜ (11)ʹ͓͍ͯ x˜S 2 > 0͔ͭ y˜S 2 > 0͕ຬͨ͞ΕΔͳΒ
͹ɼฏߧ఺ S2͸ୈҰ৅ݶʹଘࡏ͢Δ (ਤ 7D)ɽ͕ͨͬͯ͠ɼฏߧ఺ S2͕ୈҰ৅ݶʹଘࡏ͢Δ৚݅
͸ x˜S 2 > 0͔Βܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽࣜ (11)ΑΓɼx˜S 2 > 0ͱͳΔͨΊʹ β͕ຬͨ͢΂͖৚݅͸
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ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
β > ρ(1 − 1/κ)κ(2−D)/2. (12)
͕ͨͬͯ͠ɼฏߧ఺͕ଘࡏ͢Δ͔൱͔͕෼͔ΕΔᮢ஋ βyc͸ҎԼͷΑ͏ʹఆٛ͢Δ͜ͱ͕Ͱ͖Δ:
βyc ≡ ρ(1 − 1/κ)κ(2−D)/2. (13)
Ҏ্ΑΓɼβ͕ βycΑΓখ͍࣌͞ɼS2͕ୈҰ৅ݶʹଘࡏ͠ɼղ͸ॳظ஋ʹΑͬͯ S1ͱQ2ͷͲͪΒ
͔ʹऩଋ͢Δ (7D)ɽ͜͜Ͱॏཁͳͷ͕ɼࣜ (12)ͷ྆ลʹͦΕͧΕ β (= by/rxKD/2−1y )ͱ ρ (= ry/rx)
͕ଘࡏ͢Δ͜ͱͰ͋Δɽ͜ͷ࣌ɼrx͸྆ล͔Βফ͑ΔͨΊɼܥͷ෼ྨʹӨڹΛ͠ͳ͍ɽࣜ (11)Α
Γɼy˜S 2 ͔Β΋ಉ͘͡ rx͸ফ͑ΔͨΊɼฏߧ఺ S2ͷ࠲ඪʹ΋ rx͸Өڹ͠ͳ͍͜ͱ͕෼͔Δɽ
൓ରʹ β͕ βycΑΓେ͖͍࣌ɼS2͸ୈҰ৅ݶʹଘࡏ͠ͳ͍ (7E)ɽزԿతͳ഑ஔΑΓɼͦͷ࣌ɼy˜-
ψϧΫϥΠϯ (10)͸ x˜-ψϧΫϥΠϯ (8)ͷ׬શʹ಺ଆʹ͋Δ͜ͱ͕෼͔Δ (ਤ 7A, C, E)ɽ͕ͨͬ͠
ͯɼղ͸ॳظ஋ʹؔΘΒͣɼS1ʹऩଋ͢Δɽ
ڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ଘࡏ͠ͳ͍࣌ (β = 0)͸ɼΑΓ୯७ʹ κͷେ͖͞ʹΑͬͯψϧΫ
ϥΠϯ (8)ͱ (10)ͷҐஔؔ܎͕ܾ·Δɽͭ·Γɼκ < 1ͷ࣌͸ y˜-ψϧΫϥΠϯ (10)͕ x˜-ψϧΫϥΠ
ϯ (8)ͷ׬શʹ಺ଆʹɼκ > 1ͷ࣌͸ y˜-ψϧΫϥΠϯ (10)͕ x˜-ψϧΫϥΠϯ (8)ͷ׬શʹ֎ଆʹ (ਤ
7F)ɼκ = 1ͷ࣌͸ೋͭͷψϧΫϥΠϯ͕ॏͳΔ͜ͱʹͳΔ (ਤ 7D)ɽ
§2.1.2Ͱड़΂ͨΑ͏ʹɼ؀ڥऩ༰ྗͱ͸૊৫Λ୯ಠͷࡉ๔͕ߏ੒͢Δ࣌ͷ׬੒૊৫αΠζͰ͋
Δͱߟ͑ΒΕΔɽजᙾݪੑͷࡉ๔͸ີ౓Λײ஌ͯ͠૿৩཰Λ௿Լͤ͞Δػߏ͕ഁ୼͍ͯ͠ΔͨΊɼ
ਖ਼ৗࡉ๔ʹൺ΂ͯ׬੒૊৫αΠζ͕େ͖͍ɽ͕ͨͬͯ͠ɼ؀ڥऩ༰ྗΛਖ਼ৗࡉ๔ʹൺ΂ͯେ͖͘
ઃఆ͢Δඞཁ͕͋Δɽ
͜͜Ͱɼ͜Ε·Ͱͷٞ࿦Λੜ෺ֶతʹཧղ͢Δ͜ͱΛࢼΈΔɽࡉ๔ڝ߹Ͱ͸·ͣɼਖ਼ৗࡉ๔ͱ
มҟࡉ๔ͷ׬੒૊৫αΠζͷେখؔ܎͕ॏཁͰ͋Δɽਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ׬੒૊৫αΠζ͕ಉ
ఔ౓͔มҟࡉ๔ͷํ͕ԼճΔܥ (κ ≤ 1)Ͱ͸ɼඞͣมҟࡉ๔͕૊৫͔Βۦஞ͞ΕΔ8(ਤ 7A, C)ɽҰ
ํɼजᙾݪੑͷมҟࡉ๔ͷΑ͏ͳ׬੒૊৫αΠζ͕େ͖͍ࡉ๔ͷܥ (κ > 1)ͷ৔߹ɼഉআ཰ͷେ͖
͕͞ॏཁͱͳͬͯ͘Δɽܥʹ͓͚Δഉআ཰͕ᮢ஋ βycΛ্ճΔܥ (β ≥ βyc)Ͱ͸ɼඞͣมҟࡉ๔͕
૊৫͔Βۦஞ͞ΕΔ (ਤ 7E)ɽ൓ରʹഉআ཰͕௿͍ܥ (β < βyc)Ͱ͸มҟࡉ๔͕ੜ͖࢒Γɼ൓ରʹ૊
8ਖ਼ৗࡉ๔ͷํ͕มҟࡉ๔ʹൺ΂ͯ׬੒૊৫αΠζ͕େ͖͍ܥ (κ < 1)ʹ͓͚Δࡉ๔ڝ߹͸ใࠂ͞Ε͍ͯͳ͍ɽಛघ
ͳέʔεͱͯ͠ɼ͜ͷ৚݅͸ࡉ๔छ X ͕ Mycมҟࡉ๔ɼࡉ๔छ Y ͕ਖ਼ৗࡉ๔Ͱ͋Δ࣮ݧܥʹରԠ͍ͯ͠Δͱߟ͑ΒΕ
ΔɽMyc͸ࡉ๔੒௕΍૿৩ɼࡉ๔पظʹؔ༩͍ͯ͠Δ؞ݪҨ఻ࢠͷҰͭͰ͋Δɽ͜ͷܥͷ৔߹ɼࡉ๔ڝ߹ʹΑͬͯ Myc
มҟࡉ๔͕ਖ਼ৗࡉ๔Λഉআ͢Δ͜ͱ͕஌ΒΕ͍ͯΔ [19]ɽ͜ͷಛघͳܥ΁ͷ CCϞσϧͷద༻ͷৄࡉ͸ Appendix §S7
Ͱड़΂Δɽ
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৫Λ઎༗ͯ͠͠·͏Մೳੑ͕͋Δ (ਤ 7D).͜ͷࣄଶʹؕͬͯ͠·͏͔ɼͦΕͱ΋ਖ਼ৗࡉ๔͕มҟ
ࡉ๔ΛۦஞͰ͖Δ͔͸ॳظͷਖ਼ৗࡉ๔ͱมҟࡉ๔ͷࡉ๔਺ʹґଘ͢Δ͜ͱʹͳΔɽ
ࡉ๔ڝ߹ʹΑΔഉআΛ્֐ͨ͠৔߹ (β = 0)ɼܥͷੑ࣭͸ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ׬੒૊৫αΠζ
ͷେখؔ܎ͷΈʹґଘ͢Δɽ͜ͷ࣌ɼ׬੒૊৫αΠζ͕େ͖͍ࡉ๔͕૊৫Λ઎༗͠ɼ௿͍ࡉ๔Λ
ۦஞ͢Δ (ਤ 7F)ɽ׬੒૊৫αΠζ͕ಉఔ౓ͷ৔߹͸ɼ྆ࡉ๔͕૊৫ʹڞଘͨ͠ঢ়ଶͰ૊৫͸׬੒
͢Δ͜ͱʹͳΔ (ਤ 7B)ɽ
͜͜Ͱɼมҟࡉ๔͕૊৫Λ઎༗͢Δ࣌ʹ஫໨͢Δ (ਤ 7D, F)ɽ͜ΕΒͷܥ͸มҟࡉ๔ͷ׬੒૊৫
αΠζ͕େ͖͍ɼͭ·Γजᙾݪੑͷมҟࡉ๔ͷܥͰ͋Δɽ͜ͷ࣌ɼҰ෦ (ਤ 7D)·ͨ͸શͯ (ਤ 7F)
ͷղ͸Q2ʹऩଋ͍ͯ͠Δ͕ɼQ2ͷҐஔ͸૊৫ͷਖ਼ৗαΠζΛද͢ x˜+ κy˜ = 1↔ x+ axy = Kxͷ֎
ଆʹ͋Δɽ͕ͨͬͯ͠ɼ͜ΕΒͷܥͰ͸ਖ਼ৗΑΓେ͖ͳαΠζͷ૊৫͕׬੒͢Δ͜ͱΛҙຯ͢Δɽ
͜ͷ݁Ռ͸ɼजᙾݪੑͷࡉ๔͕ਖ਼ৗࡉ๔ʹଧͪউͭ͜ͱͰजᙾ͕ܗ੒͞ΕΔ͜ͱΛࣔ͢ɽҰํɼม
ҟࡉ๔͕૊৫Λ઎༗͠ͳ͍৔߹ɼ࠷ऴతʹਖ਼ৗࡉ๔͕૊৫Λ઎༗͢Δ࣌ ((a))ͷΈͳΒͣɼਖ਼ৗࡉ
๔ͱมҟࡉ๔͕ڞʹ૊৫ʹ࢒Δ࣌ ((c))΋૊৫αΠζ͸ਖ਼ৗͳ΋ͷͱͳΔɽ
͜͜Ͱɼ؀ڥऩ༰ྗͷൺ΍ഉআ཰͕ࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋ʹେ͖͘ӨڹΛ͢ΔҰํɼਖ਼ৗ
ࡉ๔ͷ૿৩཰ (rx)͸݁ՌʹӨڹ͠ͳ͍͜ͱʹ஫ҙ͓ͯ͘͠ɽ͜ͷ݁Ռ͸ɼࡉ๔ڝ߹͸૿৩཰ͷ૬
ରతͳࠩʹΑΓɼ૿৩཰ͷߴ͍ࡉ๔͕௿͍ࡉ๔Λഉআ͢Δݱ৅Ͱ͋Δͱ͍͏ §1.5Ͱड़΂ͨݹయత
ͳԾઆΛ൱ఆ͢Δ΋ͷͰ͋Δɽͨͩ͠ɼ͜ͷੑ࣭͸ CCϞσϧಛҟతͳ΋ͷͰ͸ͳ͘ɼLVڝ߹Ϟ
σϧ (ࣜ ((2))͕͸͡Ί͔Β͍࣋ͬͯΔ΋ͷͰ͋Δ [28, 29]ɽ
2.2.3 CCϞσϧͱ࣮ࡍͷ࣮ݧܥͷ݁Ռͷৄࡉͳൺֱ
ຊ࿦จͰ͸͜Ε·ͰɼCCϞσϧΛղੳతʹղ͘͜ͱͰཧղͰ͖Δੑ࣭ʹ͍ͭͯड़΂͖ͯͨɽՃ
͑ͯɼCCϞσϧͷղੳ݁Ռͱ࣮ݧܥͷରԠ΋ٞ࿦͕ͨ͠ɼࡉ๔ڝ߹ݱ৅ͷแׅతͳཧղΛ๦͛ͳ
͍Α͏ʹ۩ମతͳܥʹ͍ͭͯݴٴ͢Δ͜ͱ͸ආ͚͖ͯͨɽ͔͠͠ɼCCϞσϧ͕۩ମతͳ࣮ݧܥΛ
Ͳ͜·Ͱ࠶ݱ͠ಘΔͷ͔΋ॏཁͳ໰୊Ͱ͋Δɽͦ͜Ͱɼ͜͜Ͱ͸ࡉ๔ڝ߹ͷೋͭͷ۩ମతͳܥʹ
ରͯ͠ɼCCϞσϧͷద༻ΛࢼΈͨɽର৅ͱͨ͠ܥ͸ 1)ݹయతͳਖ਼ৗࡉ๔–Minuteܥʹ୅ද͞ΕΔ
ਖ਼ৗࡉ๔ͷ૿৩཰͕มҟࡉ๔ΑΓߴ͍ܥͱ 2)ۙ೥ใࠂ͞Εͨजᙾ཈੍ܥɼ͢ͳΘͪɼมҟࡉ๔ͷ
׬੒૊৫αΠζ͕ਖ਼ৗࡉ๔ΑΓେ͖͍ܥͰ͋Δɽͳ͓ɼ݁Ռͷ௚ײతͳཧղͷͨΊʹແ࣍ݩԽલ
ͷ CCϞσϧ (ࣜ (4))Λ༻͍ͨɽ
25
1)૿৩଎౓ͷ஗͍มҟࡉ๔͸ڥքͰͷഉআʹΑͬͯඞͣશ໓͢Δ
CCϞσϧͷద༻ΛࢼΈͨҰͭ໨ͷ۩ମతͳܥ͸ɼࡉ๔ڝ߹͕ൃݟ͞ΕͨݹయతͳܥͰ΋͋Δਖ਼
ৗࡉ๔–Minuteܥ [2]Ͱ͋Δ (ਤ 2)ɽ͜͜Ͱɼ͜ͷݚڀʹ͓͚Δใࠂʹ͍ͭͯ΋͏Ұ౓؆୯ʹ·ͱ
ΊΔɽ͜ͷ࣮ݧʹ͓͍ͯMorataΒ͸ɼ࢈ཛ͔ΒҰఆ͕࣌ؒܦաͨ͠ҟͳΔݸମͷਖ਼ৗ૊৫ʹɼ2
छྨͷΫϩʔϯΛ΄΅ಉ౳ͷࡉ๔਺ͱͳΔΑ͏ಋೖ͢Δ࣮ݧΛߦͬͨɽ͢ͳΘͪɼਖ਼ৗ૊৫ͷத
ʹਖ਼ৗࡉ๔ΫϩʔϯΛಋೖ͢Δίϯτϩʔϧ࣮ݧͱɼਖ਼ৗ૊৫ͷதʹMinuteมҟࡉ๔ΫϩʔϯΛ
ಋೖ͢Δ࣮ݧͱΛߦͬͨͷͰ͋Δɽͦͯ͠ɼ׬੒ͨ͠૊৫ʹ͓͍ͯɼͦΕͧΕͷΫϩʔϯ༝དྷͷ
ࡉ๔਺Λܭଌͨ͠ɽͦͷ݁Ռɼਖ਼ৗࡉ๔Ϋϩʔϯ༝དྷͷࡉ๔͸ಋೖ͕࣌ؒૣ͍΄Ͳɼ׬੒ͨ͠૊
৫ʹ͓͍ͯࡉ๔਺͕ଟ͘ͳͬͨ (ਤ 2A಺ͷࠇؙϓϩοτ)ɽ͔͠͠ɼมҟࡉ๔Ϋϩʔϯ༝དྷͷࡉ๔
͸ಋೖ͕࣌ؒૣ͍ͱ׬੒૊৫͔Β׬શʹফ໓͠ (ਤ 2A಺ͷനࡾ֯ϓϩοτɼਤ 2B)ɼಋೖ͕࣌ؒ
஗͍৔߹Ͱ΋ਖ਼ৗࡉ๔Ϋϩʔϯ༝དྷʹൺ΂ͯࡉ๔਺͕ݮগͨ͠ (ਤ 2A಺ͷനࡾ֯ϓϩοτ)ɽ͞
Βʹ͜ͷ࣌ɼมҟࡉ๔Ϋϩʔϯ͕ফ໓ͨ͠૊৫ͷαΠζ͸ਖ਼ৗͳ΋ͷͰ͋ͬͨɽͭ·Γɼਖ਼ৗࡉ
๔–Minuteܥʹ͓͍ͯɼॳظࡉ๔਺ʹؔΘΒͣมҟࡉ๔͸૊৫͔Βۦஞ͞Εɼਖ਼ৗ૊৫͕ܗ੒͞Ε
Δͱ͍͑Δɽ
͜ͷܥʹCCϞσϧΛద༻͢Δʹ͋ͨΓύϥϝʔλΛܾΊΔඞཁ͕͋ΔɽMinuteมҟࡉ๔ͷ૿৩
཰͸ਖ਼ৗࡉ๔ΑΓ௿͍͜ͱͱɼมҟࡉ๔୯ಠͰߏ੒ͨ͠৔߹ʹ͸ਖ਼ৗͳαΠζͷ૊৫Λܗ੒͢Δ͜
ͱ͕஌ΒΕ͍ͯΔɽͦ ͷͨΊɼมҟࡉ๔͸ਖ਼ৗࡉ๔ʹൺ΂ͯ૿৩཰Λ௿͘ઃఆͨ͠ (rx > ry↔ ρ < 1)ɽ
·ͨɼ؀ڥऩ༰ྗ͸౳͘͠ઃఆͨ͠ (Kx = Ky↔ κ < 1)ɽ͜ͷύϥϝʔλઃఆ͸ਖ਼ৗࡉ๔–Minuteܥ
ͷΈͳΒͣɼ1)ͷਖ਼ৗࡉ๔ͷ૿৩཰͕มҟࡉ๔ΑΓߴ͍ܥશൠʹ౰ͯ͸·Γɼ§2.2.2ʹ͓͚Δ (a)
ͷܥͱͳΔઃఆͰ͋Δɽ
ਤ 8Aʹ CCϞσϧ (ࣜ (4))ͷ૬ฏ໘ਤΛࣔ͢ɽฏߧ఺ S0ͱQ1, Q2͸ෆ҆ఆฏߧ఺ɼฏߧ఺ S1
͸҆ఆฏߧ఺Ͱ͋Δ (Appendix §S5). ͕ͨͬͯ͠ɼਤ 8಺ͷ b΍ eͷيಓͰࣔͨ͠Α͏ʹ૬ฏ໘಺
ͷͲͷॳظ஋͔Βελʔτͯ͠΋ɼղͷ࠷ऴঢ়ଶ͸།Ұͷ҆ఆฏߧ఺Ͱ͋Δ S1ʹऩଋ͢Δɽฏߧ
఺ S1ͷ࠲ඪ͸ (Kx, 0)Ͱ͋Δɽ͢ͳΘͪɼ͜ͷܥʹ͓͍ͯมҟࡉ๔ͷॳظࡉ๔਺͕ͲͷΑ͏ͳ஋Ͱ
͋ͬͯ΋ɼ࠷ऴతʹ͸૊৫͔Βۦஞ͞Εਖ਼ৗࡉ๔ͷΈͰߏ੒͞Εͨਖ਼ৗͳαΠζͷ૊৫͕׬੒͢
Δ (ਤ 8Aɼ8B)ɽ͜ͷ݁Ռ͸ਖ਼ৗࡉ๔–MinuteܥΛ͸͡Ίͱͨ͠ 1)ͷܥͷ؍࡯ࣄ࣮Λઆ໌͍ͯ͠Δ
ͱߟ͑ΒΕΔɽ
͜Ε·Ͱͷղੳ͸ਖ਼ৗࡉ๔–Minuteܥʹ߹Θͤͯਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩཰ͷؔ܎Λ rx > ry
ʹݻఆ͍ͯͨ͠ɽ͜͜Ͱɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷؒͷ૿৩଎౓ͷ͕ࠩഉআ͞ΕΔࡉ๔ूஂͷӡ໋
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ਤ 8: CCϞσϧΛ༻͍ͨ૿৩཰͕௿͍มҟࡉ๔ͷഉআͷγϛϡϨʔγϣϯɽA૬ฏ໘ਤɽيಓ
(b)ͱ (e)͸ॳظ஋ (ΫϩεͰࣔͨ͠)ΛͦΕͧΕ (x0, y0)=(1000, 500)ͱ (2000, 2000)ͱͨ࣌͠ͷ
ղيಓΛද͍ͯ͠Δɽനؙ͸ෆ҆ఆฏߧ఺ɼࠇؙ͸҆ఆฏߧ఺Ͱ͋ΔɽB-DͦΕͧΕͷύϥϝʔ
λʹ͓͚Δॳظ஋Λ (x0, y0)=(1000, 500)ͱͨ࣌͠ͷղͷ࣌ؒൃలɽࠇͷઢͱഁઢ͸ͦΕͧΕਖ਼
ৗࡉ๔਺ xͱมҟࡉ๔਺ yΛද͠ɼ྘ͷઢ͸૊৫αΠζ x + axyΛද͍ͯ͠Δɽ੺ͷ௚ઢ͸ਖ਼ৗ
૊৫αΠζ KxͰ͋Δɽ͜͜Ͱ Bͱ CͰ͸ࠇͱ྘ͷઢͷେ෦෼͕ඃͬͯ͠·͍ͬͯΔ͜ͱʹ஫
ҙ͕ඞཁͰ͋Δɽύϥϝʔλ͸ (A–C) ry = 0.08, by = 2.0; (D) ry = 0.1, by = 2.0Ͱ͋Δ. ଞͷύϥ
ϝʔλ͸ rx = 0.1, ax = ay = 1, Kx = Ky = 30000, D = 1ʹݻఆͨ͠. γϛϡϨʔγϣϯ͸ɼશͯ 4
࣍ͷ Runge–Kutta๏ (ࠁΈ෯ 0.05)Ͱߦͬͨɽ
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Λܾఆ͢Δͱ͍͏ࡉ๔ڝ߹ͷݹయతԾઆ (§1.5)Λࢥ͍ग़͢ͱɼ૿৩཰ͷ͕ࠩ૊৫ͷӡ໋ʹ༩͑Δ
Өڹʹڵຯ͕࣋ͨΕΔɽͦ͜Ͱɼ૿৩཰ʹ͕ࠩͳ͍৔߹ (rx = ry ↔ ρ = 1)ʹ͍ͭͯ΋ղੳΛߦͬ
ͨɽ͜ͷ݁ՌΛਤ 8CͱAppendix §S6.1ͷਤ 27ʹࣔ͢ɽ͜ΕΒͷਤΑΓɼ͜ͷ৔߹Ͱ΋มҟࡉ๔
͕׬શʹഉআ͞Ε͓ͯΓɼਖ਼ৗͳαΠζͷ૊৫͕׬੒͢Δ͜ͱ͕෼͔Δɽ།Ұͷҧ͍͸૊৫͕׬
੒͢Δ·Ͱʹඞཁͳ͚࣌ؒͩͰ͋ΔɽҎ্ΑΓɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷؒͷ૿৩଎౓ͷ͕ࠩ૊৫
ͷӡ໋ʹӨڹΛ༩͑ͳ͍͜ͱ͕ࣔ͞Εͨɽ͜ͷ݁Ռ͸Ұݟ͢Δͱ௚ײͱ͸൓͢Δ͔΋͠Εͳ͍ (ಛ
ʹ࣮ݧܥͷݚڀऀʹͱͬͯ͸)ɽ͔͠͠ɼ§2.2.2ͷղੳ͔Β΋ɼཧ࿦తʹ૿৩଎౓ͷࠩ͸ܥͷ෼ྨ
ʹӨڹ͠ͳ͍͜ͱ͕໌Β͔Ͱ͋Γɼ͢ͳΘͪ૊৫ͷӡ໋Λࠨӈ͢Δ͜ͱ͸ͳ͍ (ද 2)ɽ
͜͜Ͱɼ૿৩଎౓͕ఆੑతͳ݁Ռʹ͸Өڹ͠ͳ͍ͱ͍͏ੑ࣭͸ɼCCϞσϧͷجͱͳͬͨ LVϞ
σϧ (ࣜ ((2))ʹ༝དྷ͢Δͱ͍͏͜ͱʹ஫ҙ͕ඞཁͰ͋Δ [28, 29]ɽCCϞσϧ͸ഉআ཰Λ 0ʹ͢Δ
͜ͱͰ LVϞσϧ΁ͱมܗ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷมܗΛͯ͠΋ɼ૿৩཰ͷࠩ͸ఆੑతͷ݁Ռʹ͸
Өڹ͠ͳ͍ͷͰ͋Δɽ͜ͷࣄ࣮͸ɼࡉ๔ڝ߹ݻ༗ͷݱ৅Ͱ͋ΔڥքͰͷഉআΛ਺ࣜʹಋೖͨ͜͠
ͱ͕ɼ૿৩଎౓͕ఆੑతͳ݁Ռʹ͸Өڹ͠ͳ͍ͱ͍͏ੑ࣭Λ࡞Γग़ͨ͠Θ͚Ͱ͸ͳ͍͜ͱΛҙຯ
͍ͯ͠Δɽ
ࡉ๔ڝ߹ͷಛ௃Ͱ͋ΔڥքͰͷഉআ͕૊৫ͷӡ໋ʹ༩͑ΔӨڹ΋ॏཁͳ໰୊Ͱ͋Δɽͦ͜Ͱɼڥ
քʹ͓͚Δมҟࡉ๔ͷഉআ͕ͳ͍৔߹ (by = 0)ʹ͍ͭͯղੳΛߦͬͨ (ਤ 9)ɽ͢Δͱɼ΋͸΍มҟ
ࡉ๔͸શ໓ͤͣɼਖ਼ৗࡉ๔ͱڞʹ૊৫಺ʹڞଘ͢ΔΑ͏ʹͳΔ (ਤ 9B)ɽͨͩ͠ɼ͜ͷ৔߹Ͱ΋૊
৫ͷαΠζ͸ਖ਼ৗͳ΋ͷͱͳΔɽҎ্ΑΓɼ͜ͷܥʹ͓͚Δมҟࡉ๔Λશ໓ͤ͞Δ͜ͱ͕Ͱ͖Δ
͔Ͳ͏͔ͱ͍͏૊৫ͷӡ໋͸ɼ྆ࡉ๔ूஂͷ૿৩཰ͷࠩͰ͸ͳ͘ڥքʹ͓͚Δมҟࡉ๔ͷഉআʹ
Αͬͯࠨӈ͞ΕΔ͜ͱ͕ CCϞσϧͷγϛϡϨʔγϣϯ͔Β΋֬ೝͰ͖Δɽ
2)ਖ਼ৗࡉ๔Λ্ճΔ׬੒૊৫αΠζͷมҟࡉ๔΋ڥքͰͷഉআʹΑͬͯۦஞՄೳʹͳΔ
CCϞσϧͷద༻ΛࢼΈͨҰͭ໨ͷ۩ମతͳܥ͸ɼมҟࡉ๔ͷ׬੒૊৫αΠζ͕ਖ਼ৗࡉ๔Λ্ճ
Δʹ΋ؔΘΒͣ૊৫͔Βมҟࡉ๔͕ۦஞ͞ΕΔजᙾ཈੍ܥͰ͋ΔɽΑΓ۩ମతʹ͸ §1.5Ͱड़΂ͨ
ਖ਼ৗࡉ๔–Rab5ܥΛ૝ఆ͍ͯ͠Δ [17]ɽ͜ͷܥʹ͓͍ͯɼजᙾݪੑͷมҟࡉ๔Ͱ͋Δ Rab5มҟࡉ
๔Λॳظʹগ਺͚ͩਖ਼ৗ૊৫ʹ༠ಋ͢Δͱɼਖ਼ৗࡉ๔ͱͷࡉ๔ڝ߹ʹΑΓ૊৫͔Β΄΅׬શʹഉ
আ͞ΕΔ (ਤ 4A)ɽ͜ͷ࣌ɼ૊৫ͷαΠζ͸ਖ਼ৗͳ΋ͷͱͳΔɽҰํɼॳظʹ༠ಋ͢Δมҟࡉ๔ͷ
ࡉ๔਺Λେ͖͘͢Δͱɼਖ਼ৗࡉ๔͔ΒͷഉআΛड͚ͳ͕Β΋มҟࡉ๔͸૊৫͔Βۦஞ͞ΕΔ͜ͱ
ͳ͘ɼΉ͠Ζ࣌ؒܦաͱͱ΋ʹ૊৫಺ͷ઎༗཰Λ্ঢͤ͞Δ (ਤ 4B)ɽ࠷ऴతʹ૊৫ͷଟ͘ͷ෦෼
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ਤ 9: ڥքʹ͓͚Δഉআͷ཈੍ (by = 0)ɽશͯͷύϥϝʔλ͸ਤ 8Eʹઃఆͨ͠ɽA૬ฏ໘ਤɽي
ಓ (b)ͱ (c)͸ॳظ஋ΛͦΕͧΕ (x0, y0)=(1000, 500)ɼ(2000, 2000)ͱͨ࣌͠ͷղيಓΛද͍ͯ͠
ΔɽBॳظ஋Λ (x0, y0)=(1000, 500)ͱͨ࣌͠ͷղͷ࣌ؒൃలɽ
Λมҟࡉ๔͕઎Ίͳ͕Βɼਖ਼ৗࡉ๔ͱมҟࡉ๔͕૊৫಺Ͱڞଘ͢Δঢ়ଶ͕؍࡯͞ΕΔɽɹ
͜ͷܥʹ CCϞσϧΛద༻͢Δʹ͋ͨΓɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩཰ʹࠩ͸ͳ͍ͱͨ͠ (rx =
ry(↔ ρ = 1))ɽ͜Ε͸࣮ݧʹ͓͍ͯजᙾݪੑͷมҟࡉ๔Ͱ͋Δजᙾ཈੍ػߏΛܽଛͨ͠ࡉ๔ͱਖ਼ৗ
ࡉ๔ͷ૿৩཰ʹ͸ݦஶͳ͕ࠩݟΒΕͳ͍͔ΒͰ͋Δɽಛʹ Rab5มҟࡉ๔͸ਖ਼ৗࡉ๔ͱ౳͍͠૿৩
཰Λ࣋ͭ͜ͱ͕ใࠂ͞Ε͍ͯΔ [17]ɽҰํɼ͜͏ͨ͠जᙾݪੑͷมҟࡉ๔͕ࢧ഑తͳ૊৫͸ਖ਼ৗͳ
૊৫αΠζΛҳ୤ͯ͠աܗ੒Λى͜͠ɼ΍͕ͯ͸जᙾΛܗ੒͢Δɽ͕ͨͬͯ͠ɼKx < Ky(↔ κ > 1)
ͱઃఆͨ͠ɽ্هͷύϥϝʔλઃఆ͸ §2.2.2ʹ͓͚Δ (d)ͷܥͱͳΔ΋ͷͰ͋Δɽ
CCϞσϧͷղੳ݁ՌΛਤ 10ʹࣔ͢ɽࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋͸มҟࡉ๔਺ yͷॳظ஋ʹґ
ଘ͢Δɽมҟࡉ๔਺ yͷॳظ஋͕े෼খ͍࣌͞ɼղ͸҆ఆฏߧ఺ S1(Kx, 0)΁ͱऩଋ͢Δ (ਤ 10A
಺ͷيಓ b)ɽ͜Ε͸มҟࡉ๔͸૊৫͔Β׬શʹۦஞ͞Εɼਖ਼ৗࡉ๔ XͷΈͰߏ੒͞ΕΔਖ਼ৗͳα
Πζͷ૊৫͕׬੒͢Δ͜ͱΛҙຯ͢Δ. ͜͏ͨ݁͠Ռ͸ࡉ๔ڝ߹ͷ࣮ݧܥʹ͓͍ͯ΋ใࠂ͞Ε͍ͯ
Δ (scrib [4, 5]ɼlgl [42]ɼRab5 [17])ɽ
Ұํɼલड़ͷ௨Γਖ਼ৗࡉ๔–Rab5ܥͰ͸ɼಋೖͨ͠มҟࡉ๔਺͕ᮢ஋ (ࡾྸ༮஬ظʹ໿ 400ࡉ๔)
Λ௒͑Δͱɼਖ਼ৗࡉ๔ʹғ·Εͯɼࡉ๔ڝ߹͕ى͖͍ͯΔʹ΋ؔΘΒͣมҟࡉ๔͸૊৫͔Βۦஞ͞
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ΕΔ͜ͱ͸ͳ͘ͳΔɽͦͷ݁Ռɼ૊৫͸ա৒ʹ੒௕͠ɼजᙾΛܗ੒ͯ͠͠·͏ [17]ɽCCϞσϧʹ
͓͍ͯ΋ಉ༷ͷ݁Ռ͕ಘΒΕͨ (ਤ 10A಺ͷيಓ cɼਤ 10C)ɽ͢ͳΘͪɼyͷॳظ஋͕ᮢ஋ΑΓେ
͖͍࣌ɼy͸ݮগ͢Δ͜ͱͳ͘૿ՃΛଓ͚Δɽ൓ରʹ x͸͋Δ͔࣌ΒݮগΛ࢝Ίɼ࠷ऴతʹղ͸҆
ఆฏߧ఺Q2΁ͱऩଋ͢Δɽ҆ఆฏߧ఺Q2Ͱ͸ y = Ky > KxͱͳΔͨΊɼ૊৫αΠζ͸ਖ਼ৗͳ΋
ͷΑΓେ͖͘ͳΔɽ͢ͳΘͪɼڥքͰͷഉআػߏ͕ଘࡏ͢Δʹ΋ؔΘΒͣɼࡉ๔छ Y ͕ա৒ʹ૿
৩͠ɼҟৗʹେ͖ͳ૊৫Λܗ੒ͯ͠͠·͏ͷͰ͋Δɽڵຯਂ͍͜ͱʹɼ૊৫αΠζ (x + axy)ͷ࣌
ؒൃలΛݟΔͱɼൃੜ։͔࢝Β໿ 80࣌ؒͷͱ͜ΖͰ੒௕͕Ұ୴ఀ଺͍ͯ͠Δ (ਤ 10Cͷ྘ͷઢ্
ʹඳؙ͍ͨ)ɽ͜͜Ͱ͸·ͩɼਖ਼ৗࡉ๔͕૊৫ͷதͰଟ͘Λ઎Ί͍ͯΔ͜ͱ͕෼͔Δɽͦͷޙɼൃ
ੜ։͔࢝Β໿ 500࣌ؒͱ͍͏௕͕࣌ؒܦաͨ͠ͱ͜ΖͰ࠷ऴঢ়ଶʹऩଋ͠ɼ૊৫͸׬੒͢Δɽ͜
ͷ࣌ɼ૊৫͸มҟࡉ๔ͷΈͰߏ੒͞Ε͍ͯΔɽҰͭ໨ͷఀ଺ (Ҏ߱ɼٖࣅ࠷ऴঢ়ଶͱݺͿ͜ͱʹ͢
Δ)ʹ͓͍ͯɼ૊৫͸ਖ਼ৗͳαΠζ෇ۙͰ੒௕଎౓͕ 0ʹۙ͘ͳΔɽͦͷͨΊɼݱ࣮ܥʹ͓͍ͯ͸
͜ͷஈ֊Ͱ૊৫͕׬੒ͨ͠ঢ়ଶͰ͋ΔͱੜମγεςϜ͕ೝࣝ͠ɼ૊৫ͷൃੜ͕ఀࢭ͢Δͱߟ͑Β
ΕΔ9ɽٖࣅ࠷ऴঢ়ଶͰ͸·ͩਖ਼ৗࡉ๔ɼมҟࡉ๔͕ڞʹ૊৫ʹଘࡏ͍ͯ͠ΔͨΊɼલड़ͷΑ͏ʹ
࣮ݧܥʹ͓͍ͯ΋྆ࡉ๔ूஂ͕ڞଘ͍ͯ͠Δঢ়ଶ͕؍࡯͞ΕͨՄೳੑ͕͋Δ [17]ɽ
͜ͷܥ (Kx < Ky)ʹ͓͍ͯ΋ɼڥքͰͷഉআ͕૊৫ͷӡ໋ʹٴ΅͢Өڹʹ͍ͭͯௐ΂ΔͨΊʹɼ
ഉআ͕ଘࡏ͠ͳ͍৚݅ (by = 0↔ β = 0)ʹ͍ͭͯղੳΛߦͬͨɽͦͷ݁Ռɼ1)ͷܥͱ͸ҟͳΓɼx
ͱ yͷॳظ஋ʹؔΘΒͣɼղ͸҆ఆฏߧ఺Q2ʹऩଋ͢Δ͜ͱ͕෼͔ͬͨ (ਤ 11)ɽ͜Ε͸ൃੜॳظ
ͷࡉ๔਺ͱ͸ແؔ܎ʹɼมҟࡉ๔ͷΈͰߏ੒͞Εͨա৒ʹେ͖ͳ૊৫͕ܗ੒͞ΕΔͱ͍͏͜ͱΛ
ද͍ͯ͠Δɽ࣮ࡍɼࣅͨ݁Ռ͕ਖ਼ৗࡉ๔–scribܥʹ͓͍ͯɼใࠂ͞Ε͍ͯΔɽ͜ͷ࣮ݧܥʹ͓͍ͯ
जᙾࡉ๔ͷࡉ๔ࢮΛ༠ಋ͢ΔҼࢠΛ્֐͠ɼࡉ๔ڝ߹ʹΑΔࡉ๔ࢮΛ཈੍͢Δͱมҟࡉ๔ूஂ͸
ա૿৩ͯ͠जᙾΛܗ੒͢Δ [4]ɽ͞Βʹ CCϞσϧͷγϛϡϨʔγϣϯʹΑΓɼ͜ͷܥͰ͸ٖࣅ࠷
ऴঢ়ଶͰ͑͞૊৫αΠζ (x + axy)͸ਖ਼ৗͳαΠζΛ্ճΓɼա৒ʹ੒௕ͨ͠૊৫͕ܗ੒͞Εͯ͠
·͏͜ͱ΋ࣔ͞Εͨ (ਤ 11B, C)ɽ
9Ծʹٖࣅ࠷ऴঢ়ଶͰൃੜ͕ఀࢭͤͣͱ΋ɼ࠷ऴঢ়ଶʹࢸΔ·Ͱ͸ݱ࣮తͰ͸ͳ͍͕࣌ؒඞཁͳͨΊ྆ࡉ๔͕ڞଘ͠
͍ͯΔؒʹൃੜ͕ऴྃ͢Δ͔ɼൃੜʹࣦഊͯ͠ݸମ͕ࢮʹࢸΔͱߟ͑ΒΕΔɽ
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ਤ 10: มҟࡉ๔ͷ׬੒૊৫αΠζ͕େ͖͍ܥʹ͓͚Δ૊৫ͷӡ໋ͷॳظঢ়ଶґଘੑɽA૬ฏ໘
ਤɽيಓ (b)ɼ(c)͸ॳظ஋ΛͦΕͧΕ (x0, y0)=(1000, 500)ͱ (2000, 1000)ͱͨ࣌͠ͷղيಓΛද
͍ͯ͠Δɽനؙ͸ෆ҆ఆฏߧ఺ɼࠇؙ͸҆ఆฏߧ఺Ͱ͋ΔɽB, Cيಓ (b)ͱ (c)ʹ͓͚ΔͦΕͧ
Εͷࡉ๔਺ͷ࣌ؒมԽɽ੺ͷ௚ઢ͸ਖ਼ৗ૊৫αΠζ Kxɼ੨ͷ௚ઢ͸มҟࡉ๔ yʹؔ͢Δ؀ڥऩ
༰ྗ KyͰ͋ΔɽA಺ͷղيಓ (b)্ͱ Cʹϓϩοτؙͨ͠͸ d(x + axy)/dt < ϵKxͱͳΔλΠϛ
ϯάΛද͍ͯ͠Δ ( ϵ = 10−5)ɽύϥϝʔλ͸ rx = ry = 0.1, ax = ay = 1, Kx = 30000, Ky = 40000,
by = 1.5, D = 1ͱ͠ɼଞͷύϥϝʔλ͸ਤ 8ͱಉ͡஋Λ༻͍͍ͯΔɽฏߧ఺ͷ҆ఆੑղੳʹ͍ͭ
ͯ͸ Appendix §S5Λࢀরͷ͜ͱɽ
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ਤ 11: มҟࡉ๔ͷ׬੒૊৫αΠζ͕େ͖͍ܥʹ͓͍ͯࡉ๔ڝ߹ʹΑΔഉআ͕ଘࡏ͠ͳ͍৔߹ɽA
૬ฏ໘ਤɽيಓ (b)ɼ(c)͸ॳظ஋ΛͦΕͧΕ (x0, y0)=(1000, 500)ͱ (2000, 1000)ͱͨ࣌͠ͷղي
ಓΛද͍ͯ͠Δɽനؙ͸ෆ҆ఆฏߧ఺ɼࠇؙ͸҆ఆฏߧ఺Ͱ͋Δɽͨͩ͠ɼೋͭͷيಓ͸΄ͱ
ΜͲॏͳͬͯ͠·͍ͬͯΔ͜ͱʹ஫ҙ͕ඞཁͰ͋ΔɽB, Cيಓ (b)ͱ (c)ʹ͓͚ΔͦΕͧΕͷࡉ
๔਺ͷ࣌ؒมԽɽύϥϝʔλ͸ rx = ry = 0.1, ax = ay = 1, Kx = 30000, Ky = 40000, by = 0, D = 1
ͱ͠ɼଞͷύϥϝʔλ͸ਤ 8ɼ10ͱ౳͘͠ઃఆͨ͠ɽ
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2.3 ߟ࡯
2.3.1 దԠ౓Λཧ࿦ͷཱ৔͔Βఆٛ͢Δ
ࡉ๔ڝ߹ͷ࣮ݧܥͷઐ໳ՈʹͱͬͯʮదԠ౓ʯͱ͸ 1ͭ 1ͭͷࡉ๔ͷΫΦϦςΟΛද͢ݴ༿Ͱ
͋Γɼ̎छྨͷࡉ๔ؒͰͦͷ஋Λൺֱ͢ΔࣄͰഉআ͢Δ΋ͷͱ͞ΕΔ΋ͷ͕ܾఆ͞ΕΔ [43]ɽ͜
ͷ஋͸ࡉ๔దԠ౓ (cellular fitness)ͱ΋ݺ͹ΕΔɽ͔͠͠ͳ͕ΒɼຊݚڀͰ͜Ε·Ͱड़΂ͨΑ͏ʹɼ
ࡉ๔ڝ߹ͷ݁Ռഉআ͞ΕΔࡉ๔͸ࡉ๔छͷੑ࣭ͷΈͰ͸ͳ͘ɼਖ਼ৗࡉ๔–Rab5ܥ ( [17])Ͱ΋؍࡯
͞ΕͨΑ͏ʹɼͦΕͧΕͷࡉ๔ूஂͷॳظࡉ๔਺ʹ΋ґଘ͢Δɽޙऀ͸ࡉ๔छͷੑ࣭ͷҧ͍͚ͩ
Ͱ͸ܾఆͰ͖ͳ͍ɽͦ͜ͰɼຊݚڀͰ͸ࡉ๔ूஂͷదԠ౓ (group fitness)Λཧ࿦ͷཱ৔͔Β࠶ఆٛ
͢Δ͜ͱΛࢼΈͨɽࡉ๔छ XΛ૬खͷࡉ๔Λഉআ͢Δࡉ๔ (winner cell)ͱԾఆ͠ɼͦͷूஂదԠ
౓F ΛɼҎԼͷࣜͰఆྔతʹఆٛ͢Δ:
F = Nwin/Ntot. (14)
͜͜Ͱ Ntot͸औΓಘΔશͯͷॳظࡉ๔਺ͷ૊Έ߹Θͤ਺Ͱ͋Γɼ࣍ʹఆٛ͢ΔྖҬA0ͷେ͖͞ʹ
ൺྫ͢ΔɽྖҬA0ͱ͸͢ͳΘͪɼൃੜաఔʹ͓͍ͯࣗવʹऔΓಘΔࡉ๔਺ͷ૊Έ߹ͤͷൣғͰ͋
Δɽࡉ๔਺͸ 0ΑΓେ͖͘ɼਖ਼ৗͳ૊৫αΠζΑΓখ͍͞ͱߟ͑Δͷ͕ଥ౰ͳͨΊɼҎԼͷ৚݅
Λຬͨ͢ൣғ͕ A0ͱͳΔ:
x˜ + κy˜ < 1, x˜ > 0,͔ͭy˜ > 0. (15)
ม਺ Nwin͸ॳظࡉ๔਺ͷ૊Έ߹Θͤͷ಺ɼࡉ๔छ X͕୯ಠͰ૊৫Λ࡞Δɼͭ·Γ͸มҟࡉ๔Λ׬
શʹۦஞͰ͖Δॳظࡉ๔਺ͷ૊Έ߹Θͤͷ਺Ͱ͋Δɽ
§2.2.2Ͱड़΂ͨΑ͏ʹɼCCϞσϧʹ͓͍ͯɼ૊৫ͷӡ໋͸ೋͭͷψϧΫϥΠϯ (ࣜ (8)ͱ (10))
ͷҐஔؔ܎ʹΑܾͬͯఆ͞ΕΔɽਤ 7Aɼ7Cɼ7EͷΑ͏ʹ y˜-ψϧΫϥΠϯ (10)͕׬શʹ x˜-ψϧΫ
ϥΠϯ (8)ͷ಺ଆʹ͋Δ࣌ɼͲΜͳॳظࡉ๔਺͔Βൃੜ͕࢝·ͬͯ΋ɼࡉ๔छ X͸୯ಠͰ૊৫Λܗ
੒͢Δ (ද 2(a))ɽ͕ͨͬͯ͠ɼࣜ (14)ͷఆٛͰ͸ਖ਼ৗࡉ๔ͷదԠ౓F = 1ͱͳΔɽҰํɼਤ 7Bɼ
7FͷΑ͏ʹ y˜-ψϧΫϥΠϯ (10)͕ x˜-ψϧΫϥΠϯ (8)ͱ׬શʹॏͳΔ͔ɼx˜-ψϧΫϥΠϯ (8)ͷ
֎ଆʹ͋Δ࣌ɼͲΜͳॳظࡉ๔਺͔Βൃੜ͕࢝·ͬͯ΋ࡉ๔छ X͸ࡉ๔छ Y Λઈ໓ͤ͞Δ͜ͱ͕
Ͱ͖ͳ͍ͨΊɼ୯ಠͰ૊৫Λܗ੒͢Δ͜ͱ΋Ͱ͖ͳ͍ (ද 2(b), (d))ɽ͕ͨͬͯ͠ɼࣜ (14)ͷఆٛ
Ͱ͸ਖ਼ৗࡉ๔ͷదԠ౓F = 0ͱͳΔɽਤ 7Dɼ10AͷΑ͏ʹ x˜-ψϧΫϥΠϯ (ࣜ (8)ͱ y˜-ψϧΫϥ
Πϯ (10))ͷަ఺Ͱ͋Δෆ҆ఆฏߧ఺ S2(xs2 , ys2 )͕ୈҰ৅ݶʹଘࡏ͢Δ࣌ (ද 2(c))ɼଞͷ৔߹ͱҟ
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ͳΓࡉ๔छ XͷదԠ౓F ͸Ұҙʹܾ·Βͳ͍ɽͦ͜ͰF ΛۙࣅతʹٻΊΔ͜ͱΛߟ͑Δɽͳ͓ɼ
͜͜Ͱฏߧ఺ S2͕ୈҰ৅ݶʹ͋Δ͜ͱ͔Βɼ৚݅ࣜ (12)͕ຬͨ͞Ε͍ͯΔɽ
§2.2.2Ͱड़΂ͨΑ͏ʹɼฏߧ఺ S2͕ୈҰ৅ݶʹ͋Δ࣌ (β > βyc)ɼ૊৫ͷӡ໋͸ xͱ yͷॳظ஋
ʹґଘ͢Δɽ೚ҙͷॳظ஋͔Βࡉ๔ڝ߹͕࢝·Δͱɼղ͸ͦΕͧΕ҆ఆฏߧ఺ S1͔Q2ʹऩଋ͢
ΔɽͦΕͧΕͷ҆ఆฏߧ఺ʹऩଋ͢ΔྖҬ͸֤҆ఆฏߧ఺ͷʮٵҾҬʯͱݺ͹ΕΔɽਤ 12Aʹೋ
ͭͷٵҾྖҬΛࣔ͢ɽ஡৭ͷؙϓϩοτͰຒΊΒΕͨྖҬ͸҆ఆฏߧ఺ S1 ͷٵҾҬ BS 1 Ͱ͋Γɼ
྘ͷࡾ֯ϓϩοτͰຒΊΒΕͨྖҬ͸҆ఆฏߧ఺Q2ͷٵҾҬ BQ2 Ͱ͋Δɽਤ 12AΑΓɼదԠ౓
F ͸A0ʹର͢ΔBS 1ͷׂ߹ͰܭࢉͰ͖Δ͜ͱ͕෼͔ΔɽೋͭͷٵҾҬΛ෼͚͍ͯΔۂઢ͸ʮηύ
ϥτϦΫεʯ(separatrix)ͱݺ͹ΕΔɽ͜ͷۂઢΛղੳతʹఆٛ͢Δࣄ͸೉͍͠ɽ͔͠͠ɼࡉ๔छ
Xͱ Y ͷ૿৩཰͕౳͍࣌͠ (ρ = 1)ɼ͜ͷۂઢ͸ฏߧ఺ S0ͱ S2Λ݁Ϳ௚ઢͰۙࣅ͢Δ͜ͱ͕Ͱ͖
ΔɽҰํɼ૿৩཰ʹ͕ࠩ͋Δ࣌ (ρ ! 1)ɼηύϥτϦΫε͸௚ઢ S0S2͔Βۇ͔ʹͣΕΔ (ਤ 28B)ɽ
Ҏ্ΑΓɼ৚݅ࣜ (12)͕ຬͨ͞ΕΔ࣌ (ද 2ͷ෼ྨ (d))ɼదԠ౓F ͸ҎԼͷࣜͰఆٛ͞ΕΔ:
F = (BS 1ͷ໘ੵ)/(A0ͷ໘ੵ),
= S1S2/S1R2,
= R1S1/S0S1,
= (1 − xs2)/1,
= κ
{
β
ρ(1 − 1/κ)
}2/(2−D)
.
(16)
͜͜Ͱ R1(xs2, 0)ͱ R2(0, 1/κ)ΛͦΕͧΕఆٛͨ͠ɽ
ਤ 12BʹF ͷ β΁ͷґଘੑΛࣔ͢ɽࡉ๔छ Xͱ Yͷ૿৩཰ʹ͕ࠩͳ͍࣌ (ρ = 1)ɼࣜ (16)ʹΑͬ
ͯࢉग़ͨۙ͠ࣅۂઢ͸γϛϡϨʔγϣϯʹΑͬͯಘͨ݁Ռ (ࠇͷؙϓϩοτ)ʹ͍ۙɽҰํɼ྆ࡉ
๔ͷ૿৩཰ʹ͕ࠩ͋Δ৔߹ (ρ ! 1)ɼมҟࡉ๔ͷഉআ཰͕ᮢ஋ βycΑΓখ͍͞ྖҬͰͷ (β < βyc)ͷ
γϛϡϨʔγϣϯ݁Ռ͸ۙࣅۂઢ͔Βগͣͭ͠཭ΕΔɽ
2.4 ݁࿦
ຊষͰ͸ϙϐϡϨʔγϣϯϞσϧΛجʹߏஙͨ͠਺ཧϞσϧʹΑͬͯࡉ๔ڝ߹ݱ৅Λแׅతʹ
આ໌͠ɼओཁͳ࣮ݧ݁Ռʹ͍ͭͯ࠶ݱͨ͠ɽ͜ͷ਺ཧϞσϧͷղੳʹΑͬͯಘΒΕͨ݁Ռ͸ɼࡉ
๔ڝ߹ʹ͓͍ͯڝ߹͢Δ̎छྨͷࡉ๔ͷ૿৩཰ͷ͕ࠩഉআ͞ΕΔࡉ๔Λܾఆ͢Δͱ͍͏ݹయతͳ
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ਤ 12: Aॳظ஋ʹґଘͨ͠ղͷऩଋΛ·ͱΊͨ૬ฏ໘ਤɽ஡৭ͷؙͱ྘ͷࡾ֯͸ͦΕͧΕγϛϡ
Ϩʔγϣϯͷ݁Ռ S1(Kx, 0)ͱ Q2ʹऩଋͨ͠ղͷॳظ஋ (x0, y0)ɽύϥϝʔλ͸ ρ = 1, κ = 6/5,
β ≃ 0.0612, D = 1ͱͨ͠ɽR1(xs2, 0)ͱ R2(0, Kx/ax͸ F ͷܭࢉͷͨΊʹఆٛͨ͠ɽB F ͷ by
΁ͷґଘੑɽࠇઢ͸ࣜ (16)Ͱఆٛ͞ΕΔF Λද͢ɽͨͩ͠ βy > βycͷ࣌ɼF = 1ͱͨ͠ɽͦΕ
ͧΕͷϓϩοτ͸ ρͷ஋Λมߋͨ͠ࡍͷγϛϡϨʔγϣϯ݁ՌΛද͢ɽഁઢ͸ॳظঢ়ଶʹؔΘ
Βͣਖ਼ৗࡉ๔ͷΈ͕୯ಠͰ૊৫Λܗ੒͢Δ (F = 1)ͷ͔ɼͦΕͱ΋มҟࡉ๔͕ա૿৩͢Δॳظ
ঢ়ଶ΋͋Δͷ͔ (F =ࣜ (16))ͷᮢ஋Ͱ͋Δɽ͜ͷᮢ஋͸ฏߧ఺ S2͕ୈҰ৅ݶʹଘࡏ͢Δ͔൱͔
ͷ βͷᮢ஋ͳͷͰ βycͱͳΔɽᮢ஋ βyc͸Aͷύϥϝʔλઃఆͷ࣌ɼࣜ (13)ΑΓ βyc = 0.152146
ͱܭࢉ͞ΕΔɽจݙ [32]ΑΓվมͯ͠సࡌɽ
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Ծઆ [25,36]Λ൱ఆ͢Δ΋ͷͰ͋ͬͨɽҰํɼࡉ๔ڝ߹Λܦͯਖ਼ৗͳ૊৫͕׬੒͢Δͷ͔ɼมҟࡉ
๔͕ա૿৩ͯ͠जᙾΛܗ੒͢Δͷ͔ͱ͍͏૊৫ͷӡ໋͸ɼ྆ࡉ๔ूஂ͕୯ಠͰ૊৫Λܗ੒͢Δ࣌
ͷ૊৫αΠζൺͱมҟࡉ๔ͷഉআ཰͕ᮢ஋Λ௒͍͑ͯΔ͔Ͳ͏͔Ͱܾఆ͢Δ͜ͱ͕ࣔ͞Εͨɽࡉ
๔ڝ߹ʹ͓͍ͯɼਖ਼ৗࡉ๔ͱมҟࡉ๔͸ͦΕͧΕͷࡉ๔ݻ༗ͷదԠ౓ͷࠩʹΑͬͯڝ߹͢Δͱ͞
Ε͍ͯΔɽҰํɼຊݚڀͰ͸਺ཧϞσϧͷղੳ݁ՌΑΓɼదԠ౓ΛҟͳΔ֯౓͔Βఆྔతʹఆٛ
͢ΔࣄʹऔΓ૊Μͩɽຊ࿦จͰ͸ूஂదԠ౓Λɼਖ਼ৗࡉ๔͕มҟࡉ๔Λ׬શʹ૊৫͔ΒۦஞͰ͖
Δ྆ࡉ๔ͷॳظࡉ๔਺ͷ૊Έ߹Θͤͷ਺ͱͯ͠ఆٛͨ͠ɽࢉग़ͨ͠ूஂదԠ౓ΑΓɼ૊৫ͷӡ໋
͸྆ࡉ๔ूஂ͕୯ಠͰ૊৫Λܗ੒͢Δ࣌ͷ૊৫αΠζൺͱมҟࡉ๔ͷ૿৩ͱഉআͷ଎౓ൺͷೋͭ
ʹΑͬͯࠨӈ͞ΕΔ͜ͱ͕ࣔ͞Εͨɽ
ද 2ʹ·ͱΊͨΑ͏ʹɼߏஙͨ͠਺ཧϞσϧ͸ɼύϥϝʔλ͕ਪଌͰ͖Δ୅දతͳࡉ๔ڝ߹ͷ
ܥʹ͍͓͓ͭͯΑͦઆ໌͢Δ΋ͷͰ͋ͬͨɽҰํɼࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋͸໌Β͔ʹ͞Εͯ
͍Δ͕ɼมҟࡉ๔ͷੑ࣭͕ৄࡉʹ൑໌͍ͯ͠ͳ͍ܥ΋ଘࡏ͢Δɽ͜͏͍ͬͨܥͰ͸ɼ࣮ݧͰಘΒ
ΕΔ૊৫ͷӡ໋ͷσʔλͱද 2ͷ෼ྨΛ૊Έ߹ΘͤΔ͜ͱͰɼมҟͨ͠Ҩ఻ࢠͷੑ࣭ʹ͍ͭͯਪ
ఆͰ͖ΔՄೳੑ͕͋Δɽ
·ͨɼද 2ʹ͸ଘࡏ͢Δਖ਼ৗࡉ๔ͷํ͕มҟࡉ๔ʹൺ΂ͯ׬੒૊৫αΠζ͕େ͖͍ܥʹؔͯ͠
͸ใࠂ͕ͳ͞Ε͍ͯͳ͍10(ද 2ʹ͓͚Δ κ < 1, β > 0ͷ৔߹)ɽ׬੒૊৫αΠζ͕ਖ਼ৗࡉ๔ΑΓখ
͍͞มҟࡉ๔ͱ͸ੜମʹͱͬͯܽؕͷ͋Δࡉ๔ͷΑ͏ʹࢥ͑Δɽ΋ܽؕ͠ͷ͋Δࡉ๔Ͱ͋ͬͨ৔
߹ɼ͜͏͍ͬͨมҟࡉ๔Λഉআ͢Δࡉ๔ڝ߹ͷܥ͕ଘࡏ͠ͳ͍͜ͱ͸ෆࣗવͰ͋Δͱߟ͑ΒΕΔɽ
ߏஙͨ͠਺ཧϞσϧ͕ࣔͨ͜͠ͷܥͷੑ࣭͸ɼมҟࡉ๔͕ඞͣ૊৫͔Βۦஞ͞Εɼਖ਼ৗͳαΠζͷ
૊৫Λܗ੒͢Δͱ͍͏΋ͷͰ͋Δɽ͜ͷੑ࣭͸໌Β͔ͳҟৗΛݕ஌ͮ͠Β͍ͱࢥΘΕΔͨΊɼ׬
੒૊৫αΠζ͕খ͍͞มҟࡉ๔Λഉআ͢Δࡉ๔ڝ߹ܥ͕ൃݟ͞Ε͍ͯͳ͍Մೳੑ͕͋Δɽ
10ද 2Ͱ͸ྫͱͯ͠ MycͷܥΛڍ͍͛ͯΔ͕ɼલड़ͷΑ͏ʹɼ͜ͷܥͰ͸ਖ਼ৗࡉ๔͕มҟࡉ๔ʹഉআ͞ΕΔ͜ͱʹ
஫ҙ͕ඞཁͰ͋Δɽ͕ͨͬͯ͠ɼ७ਮͳҙຯͰ͜ͷύϥϝʔλઃఆʹै͏ܥ͸ใࠂ͞Ε͍ͯͳ͍ɽ
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ୈ3ষ Cell death-induced proliferationϞσϧ
ຊষͰ͸ɼୈ 2ষͰड़΂ͨ CCϞσϧΛվม͢ΔࣄͰɼ૊৫ͷӡ໋ʹର͢Δ୅ঈੑ૿৩ͱݺ͹
Ε͍ͯΔݱ৅ͷӨڹʹ͍ͭͯղੳΛߦͬͨɽCCϞσϧͰ͸ɼ2छྨͷࡉ๔ूஂ͸มҟࡉ๔ͷഉআ
ʹΑۭ͍ͬͯͨεϖʔε͕ͲͷΑ͏ʹຒΊΒΕΔ͔͸ཅʹهड़͞Ε͍ͯͳ͍ɽ͜Ε͸ CCϞσϧ
͕྆ࡉ๔ूஂͷࡉ๔਺ͷಈଶͷΈΛهड़͍ͯ͠Δ͔ΒͰ͋ΔɽҰํɼݱ࣮ܥͰ͸྆ूஂͷڥքʹ
͓͍ͯมҟࡉ๔͕ഉআ͞Εͨ࣌ɼपғͷࡉ๔͕૿৩͢ΔࣄͰͦͷεϖʔε͸ຒΊΒΕΔɽ͜ͷ࣌ɼ
ॏཁͳ໾ׂΛՌͨ͢ͱ͞ΕΔͷ͕୅ঈੑ૿৩ͱݺ͹ΕΔݱ৅Ͱ͋ΔɽຊষͰ͸ɼୈ 2ষͰड़΂ͨ
CCϞσϧΛվม͢ΔࣄͰɼࡉ๔ڝ߹ʹ͓͍ͯॏཁͳ໾ׂΛՌͨ͢ͱ͞ΕΔ୅ঈੑ૿৩ͱݺ͹ΕΔ
ݱ৅ʹ͍ͭͯղੳΛߦͬͨɽҎԼͰ͸·ͣɼ୅ঈੑ૿৩ʹ͍ͭͯ؆୯ʹ·ͱΊΔɽͦͷޙɼCCϞ
σϧͷվมʹ͍ͭͯͱɼͦͷղੳ݁Ռʹ͍ͭͯड़΂Δ [44]ɽ
3.1 ୅ঈੑ૿৩
ੜମʹ͓͍ͯࡉ๔ࢮ͸ਖ਼ৗͳ૊৫ܗ੒΍૊৫ͷ߃ৗੑҡ࣋ʹඞཁෆՄܽͳཁૉͰ͋Δɽͦͷओ
ཁͳ໾ׂ͸૊৫಺ʹ͓͚Δෆཁͳࡉ๔ͷഉআΛ͸͡Ίͱͨ͠ɼࡉ๔਺Λݮগͤ͞ΔޮՌʹ͋Δɽ͠
͔͠ɼͦͷޮՌͱ͸ਖ਼൓ରʹࡉ๔ࢮ͕पғͷࡉ๔ͷ૿৩Λଅਐ͢Δݱ৅͕ۙ೥ใࠂ͞Εͨɽ͜Ε
͕୅ঈੑ૿৩Ͱ͋Δ [45, 46]ɽ
ࡉ๔ࢮʹىҼ͢Δ୅ঈੑ૿৩ݱ৅΋·ͨɼࡉ๔ڝ߹ͱಉ͘͡ɼγϣ΢δϣ΢όΤͷ੒஬ᠯݪج
ʹ͓͍ͯ࠷ॳʹใࠂ͞Εͨ [47]ɽ͜ͷ࣮ݧͰ͸ɼൃੜ్தͷᠯݪجͷࡉ๔ʹ֎෦ܹࢗʹΑͬͯࡉ
๔ࢮΛ༠ൃͤͯ͞΋ɼ࠷ऴతͳ૊৫αΠζ͸มΘΒͳ͍͜ͱ͕ൃݟ͞Εͨɽͭ·Γɼݮগͨ͠ࡉ
๔਺Λิ͏ԿΒ͔ͷγεςϜ͕͋Δͱ͍͏͜ͱͰ͋Δɽ͜͜Ͱɼ͜ͷγεςϜʹ͓͍ͯࡉ๔਺Λ
ิ͏΂͘ࡉ๔૿৩ͷ׆ੑԽΛ༠ಋ͍ͯ͠Δͷ͸ࡉ๔ࢮࣗମͳͷ͔ɼͦΕͱ΋ۭ͍ۭͨؒͳͷ͔ͱ
͍͏͜ͱʹٙ໰͕࣋ͨΕΔɽͦ͜Ͱɼ͍͔ͭ͘ͷݚڀάϧʔϓ͕Ξϯσουࡉ๔ͱݺ͹ΕΔࡉ๔
Λ૊৫಺ʹ࡞Γग़࣮͢ݧΛߦͬͨ [48–50]ɽΞϯσουࡉ๔ͱ͸ɼࡉ๔ࢮʹىҼ͢ΔγάφϧΛൃ
͠ͳ͕Β΋ࡉ๔ࢮࣗମ͸๦֐͞Ε͍ͯΔࡉ๔Ͱ͋Δɽ͜ͷ࣮ݧͷ݁ՌɼΞϯσουࡉ๔ͷपғͷ
ࡉ๔ͷࡉ๔૿৩͕༗ҙʹ׆ੑԽ͍ͯ͠Δ͜ͱ͕֬ೝ͞ΕɼͦΕΛ༠ൃ͍ͯ͠Δͷ͸Ξϯσουࡉ
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๔͔Β์ग़͞ΕΔγάφϧ෼ࢠ (Dpp΍Wg)Ͱ͋Δ͜ͱ΋໌Β͔ʹͳͬͨɽ͕ͨͬͯ͠ɼ୅ঈੑ
૿৩͸ࡉ๔ࢮʹىҼ͢Δ͜ͱ͕൑໌ͨ͠ͷͰ͋Δɽ͜ͷݱ৅ͷੜମ಺ʹ͓͚Δੜཧֶతͳҙٛ͸ɼ
૑ই࣏༊΍߃ৗੑҡ࣋ʹࡍࣦͯ͠ΘΕͨࡉ๔Λิঈ͢ΔΑ͏ʹɼ৽ͨʹࡉ๔Λ૿Ճͤ͞Δ͜ͱͰ
͋Δɽۙ೥ɼ͜ͷػೳ͸࠷ॳʹൃݟ͞Εͨγϣ΢δϣ΢όΤͷΈͳΒͣɼώυϥ΍ϓϥφϦΞɼΞ
ϑϦΧπϝΨΤϧͰ΋ใࠂ͞Ε͍ͯΔ [51–53]ɽ
୅ঈੑ૿৩͸जᙾݪੑͷࡉ๔ʹ͓͍ͯ΋ใࠂ͞Ε͍ͯΔ [52,54]ɽྫ͑͹ɼϚ΢εͷ؊ଁͰ͸ࢮ
Μͩࡉ๔ͷपғʹଘࡏ͢Δਖ਼ৗࡉ๔ͷΈͳΒͣजᙾݪੑͷࡉ๔ͷࡉ๔෼྾΋ଅਐ͞Εͯ͠·͏͜
ͱ͕໌Β͔ʹ͞Εͨ [55,56]ɽ͞Βʹ͸ɼ์ࣹઢ࣏ྍʹΑͬͯഉআ͞Εͨजᙾݪੑͷࡉ๔ͷपғͷ
जᙾݪੑࡉ๔ʹ͓͍ͯ૿৩཰͕޲্͍ͯ͠Δ͜ͱ΋൑໌ͨ͠ [57]ɽಉ༷ͷݱ৅͸γϣ΢δϣ΢ό
ΤͷܥͰ΋֬ೝ͞Ε͍ͯΔɽ͜ͷܥͰ͸ɼजᙾݪੑͷࡉ๔ͷ಺ࡏੑͷࡉ๔ࢮ (͢ͳΘͪࣗવൃੜత
ͳΞϙτʔγε)͕ɼ൴Βࣗ਎ͷ૊৫ͷ੒௕Λଅ͍ͯ͠Δ͜ͱ͕ࣔࠦ͞Εͨ [17]ɽ͜͏ͨ͠ෳ਺ͷ
࣮ݧ݁Ռ͔Βɼ୅ঈੑ૿৩͸जᙾݪੑͷࡉ๔ʹ͓͍ͯ΋ى͜Δ͜ͱ͕෼͔ͬͨɽ
͜͜Ͱɼຊݚڀͷओ୊Ͱ͋Δࡉ๔ڝ߹ͱ୅ঈੑ૿৩ͷؔ܎ʹ͍ͭͯड़΂Δɽ௨ৗɼࡉ๔ڝ߹ʹ͓
͍ͯมҟࡉ๔ͷࢮʹΑۭ͍ͬͯͨεϖʔε͸૿৩ͨ͠पғͷਖ਼ৗࡉ๔ʹΑͬͯิర͞ΕΔ [23,36]ɽ
͜ͷิరͷͨΊɼࢮࡉ๔͔Βͷγάφϧ͸पғͷਖ਼ৗࡉ๔ͷ૿৩཰Λ޲্͢Δ [41,58]ɽ͢ͳΘͪɼ
มҟࡉ๔Λ૊৫͔Βഉআͯ͠ɼਖ਼ৗࡉ๔͕ૉૣ͘૊৫Λ઎༗͍ͯ͘͠ࣄʹ୅ঈੑ૿৩͸ߩݙͯ͠
͍ΔͷͰ͋ΔɽҰํɼ্ड़ͷΑ͏ʹɼ૊৫͔Βۦஞ͞ΕΔजᙾݪੑͷมҟࡉ๔ʹ΋·ͨ୅ঈੑ૿
৩͕ಇ͘ [17]ɽҎ্ΑΓɼࡉ๔ڝ߹͕ى͜Δ؀ڥԼʹଘࡏ͢Δมҟࡉ๔͸ࡉ๔ࢮʹΑΓɼ1)ࡉ๔
਺ΛݮΒ͢ޮՌͱɼ2)୅ঈੑ૿৩ʹΑΓࡉ๔਺Λ૿΍͢ޮՌͷೋͭͷޮՌΛड͚͍ͯΔՄೳੑ͕
͋Δɽ͞Βʹɼࡉ๔ࢮͷछྨ΋಺ࡏੑͷࡉ๔ࢮͱࡉ๔ڝ߹ʹىҼ͢Δࡉ๔ूஂڥքʹ͓͚Δࡉ๔
ࢮͷ 2छྨ͕ى͜Γ͏Δ [17]ɽ͜͏ͨ͠ෳࡶͳঢ়گʹ͓͚Δ୅ঈੑ૿৩͕Ռͨ͢໾ׂΛௐ΂Δ͜
ͱ͸ɼ਺ཧϞσϧ͕ಘҙͱ͢Δͱ͜ΖͰ͋Δɽͦ͜ͰຊষͰ͸୅ঈੑ૿৩Λཅʹهड़ͨ͠ࡉ๔ڝ
߹ͷ਺ཧϞσϧΛߏங͢Δ͜ͱͰɼ୅ঈੑ૿৩͕૊৫ͷӡ໋ʹ༩͑ΔӨڹʹ͍ͭͯղੳΛߦͬͨɽ
3.2 ਺ཧϞσϧ
୅ঈੑ૿৩ʹ͍ͭͯղੳΛߦ͏ͨΊʹ͸ɼୈ 2ষͰߏஙͨ͠ CCϞσϧʹࡉ๔ࢮͱ୅ঈੑ૿৩
ͷӨڹΛͦΕͧΕཅʹऔΓೖΕͳͯ͘͸ͳΒͳ͍ɽैͬͯ਺ཧϞσϧ͸ΑΓෳࡶʹͳΔ͜ͱ͕༧
૝͠͏Δ͕ɼղੳΛߦ͏ͨΊʹ͸͜Ε͸๬·͘͠ͳ͍ɽͦ͜ͰɼCCϞσϧʹ্هͷೋͭͷޮՌΛ
ಋೖ͢Δલʹ CCϞσϧͷ؆қԽΛߦͬͨɽ
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3.2.1 ୅ঈੑ૿৩ͷޮՌͷಋೖʹ޲͚ͨCCϞσϧͷมܗ
؆қԽʹ౰ͨΓɼೋͭͷԾఆΛಋೖͨ͠ɽҰͭ໨͸ɼਖ਼ৗࡉ๔ͱมҟࡉ๔ʹେ͖ͳαΠζࠩ͸
ͳ͍ͱ͍͏ԾఆͰ͋Δ (ax = ay = 1)ɽ͕ͨͬͯ͠ɼͲͪΒͷछྨͷࡉ๔΋ 1ࡉ๔͕઎ΊΔεϖʔε
͸౳͍͜͠ͱʹͳΔɽೋͭ໨͸ɼजᙾݪੑࡉ๔͕୯ಠͰ૊৫Λܗ੒ͨ͠৔߹ɼͦͷ૊৫͸ແ੍ݶ
ʹ੒௕Λଓ͚Δͱ͍͏ԾఆͰ͋Δ (؀ڥऩ༰ྗ Ky → ∞)1ɽҎ্ͷೋͭͷԾఆΛೖΕΔ͜ͱͰɼCC
Ϟσϧ͸ҎԼͷΑ͏ʹ୯७Խͯ͠มܗ͢Δ͜ͱ͕Ͱ͖Δ:
dx
dt
=
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
rx(1 − x + yKx )x, x + y < Kx,
0, x + y ≥ Kx,
dy
dt
= ryy − byyD2 ,
(17)
͜͜ͰɼKy → ∞ͱͨ͜͠ͱʹΑΓɼyͷ͕ࣜมԽͨ͜͠ͱʹ஫ҙ͕ඞཁͰ͋ΔɽՃ͑ͯɼCCϞ
σϧͰ͸ͳ͔ͬͨ৚݅ࣜΛ xͷࣜʹಋೖͨ͠ɽCCϞσϧͰ͸ɼ૊৫αΠζ x + y͕ਖ਼ৗͳ׬੒૊
৫αΠζ KxΛ௒͑ͨ࣌ɼ߲ rx(1 − x + yKx )x͕ෛͱͳΔ͜ͱͰɼࡉ๔छ Y ͷա૿৩ʹΑΔѹྗ౳ʹ
ىҼ͢Δࡉ๔छ Xͷࡉ๔ࢮʹΑΔݮগ΋ߟྀ͍ͯͨ͠ɽ͔͠͠ɼ૊৫ͷൃੜաఔʹ͓͍ͯਖ਼ৗࡉ
๔ͷࡉ๔ࢮ͸มҟࡉ๔ʹൺ΂ͯ͸Δ͔ʹগͳ͍ [17]ɽͦ͜ͰຊষͰ͸ࡉ๔छ X͸ࡉ๔ࢮΛى͜͞
ͳ͍ͱͨ͠ɽ͢ͳΘͪɼ૊৫͕੒௕தͷ࣌ (x + y < Kx)ɼCCϞσϧͱࡉ๔छ X͸ಉ༷ͷ૿৩Λ͠
(dx/dt = rx(1 − x + yKx )x)ɼ૊৫αΠζ͕ਖ਼ৗαΠζΛ௒͑ͨ࣌ (x + y ≥ Kx)ɼࡉ๔छ Xͷ૿৩͸ࢭ
·Δͱͨ͠ (dx/dt = 0)ɽ
3.2.2 ୅ঈੑ૿৩Λߟྀͨ͠ࡉ๔ڝ߹Ϟσϧ (CDIPϞσϧ)
ࣜ (17) ʹ୅ঈੑ૿৩ͱࡉ๔ࢮͷޮՌΛཅʹಋೖ͢Δ͜ͱͰɼ୅ঈੑ૿৩ (Cell Death-Induced
Proliferation = CDIP)Λߟྀͨ͠ࡉ๔ڝ߹Ϟσϧ (CDIPϞσϧ)Λߏஙͨ͠ (ਤ 13)ɽ͜͜Ͱߟ͑Δ
΂͖ࡉ๔ࢮ͸ೋͭ͋ΔɽҰͭ͸ਖ਼ৗࡉ๔͕มҟࡉ๔ʹ༠ಋ͢Δࡉ๔ࢮͰ͋Γɼ͜Ε͸྆ࡉ๔ूஂ
ͷڥքͰൃੜ͢Δ (ਤ 13B)ɽͨͩ͠ɼ͜ͷࡉ๔ࢮʹؔ͢ΔޮՌ͸CCϞσϧ (ࣜ (17))ͷஈ֊Ͱطʹ
byyD/2ͱͯ͠ಋೖ͞Ε͍ͯΔɽҰํɼ΋͏Ұͭͷ಺ࡏੑͷࡉ๔ࢮ͸ࡉ๔छ Y ूஂͷ಺෦Ͱൃੜ͢
Δ (ਤ 13C)ɽ͜ΕΒͷݱ৅ʹΑͬͯࢮΜͩࡉ๔͸ɼपғͷࡉ๔छ X·ͨ͸ࡉ๔छ Y ͷ૿৩཰ͷ޲
্Λଅ͢ɽຊݚڀͰ͸ਤ 13BɼCͷΑ͏ʹɼෆ׆ੑԽঢ়ଶʹ͋Δࡉ๔छ X΍ Y ͷपғͰࡉ๔ࢮ͕
1Ky Λे෼ʹେ͖ͯ͘͠΋ఆੑతʹ͸ಉ݁͡Ռ͕ಘΒΕΔɽ͔͠͠ɼ਺ֶతͳղੳͷ؆୯ͷͨΊɼ͜͜Ͱ͸ Ky → ∞
ͱͨ͠ɽ
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ਤ 13: CDIPϞσϧͷ֓೦ਤɽA CCϞσϧͱಉ༷ʹࡉ๔छ Y͸ࡉ๔छ XʹपғΛғ·Ε͍ͯΔɽ
ࡉ๔ڝ߹ʹΑΔഉআ͸ɼ྆ࡉ๔ूஂͷڥքͰൃੜ͢ΔɽBࡉ๔ڝ߹ʹ༝དྷ͢Δࡉ๔छ Y ͷࡉ๔
ࢮ͸पғͷࡉ๔छ Xͱ Yͷ૿৩཰Λဏਐ͢ΔɽCࡉ๔छ Yͷ಺ࡏੑͷࡉ๔ࢮ͸पғͷ Yͷ૿৩
཰Λဏਐ͢Δɽจݙ [44]ΑΓసࡌɽ
ى͖ͨ࣌ɼͦΕΒͷࡉ๔छ͸׆ੑԽࡉ๔ VɼWɼU ʹมԽ͢Δͱͨ͠ɽ͢ͳΘͪɼมҟࡉ๔ Y ͕
಺ࡏੑͷࡉ๔ࢮͰ׆ੑԽͨ͠΋ͷ͕׆ੑԽࡉ๔ Uɼਖ਼ৗࡉ๔ X͕ڥքͰى͖ͨࡉ๔ࢮʹΑͬͯ׆
ੑԽͨ͠΋ͷ͕׆ੑԽࡉ๔ VɼY͕ڥքͷࡉ๔ࢮʹΑͬͯ׆ੑԽͨ͠΋ͷ͕׆ੑԽࡉ๔WͰ͋Δɽ
݁Ռͱͯ͠ɼࡉ๔छ Y ͷࡉ๔਺͸ࡉ๔ࢮʹΑͬͯݮগͱ૿Ճͷਖ਼൓ରͷೋͭͷޮՌΛड͚Δ͜ͱ
ʹͳΔɽ
্هʹࣔͨ͠ઃఆΛࣜ (17)ʹಋೖ͢Δ͜ͱͰɼͦΕͧΕͷࡉ๔਺ͷμΠφϛΫε͸ҎԼͷΑ͏
ʹॻ͘͜ͱ͕Ͱ͖Δ:
dx
dt
=
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
rx(1 − x + yKx )(x − v) + rxv(1 −
x + y
Kx
)v, x + y < Kx,
0, x + y ≥ Kx,
(18)
dy
dt
= ry(y − u − w) + ryuu + ryww − dyy − byyD2 , (19)
du
dt
= audyy − duu, (20)
dv
dt
= avbyy
D
2 − dvv, (21)
dw
dt
= awbyy
D
2 − dww, (22)
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͜͜Ͱ u (0 ≤ u ≤ y)ɼv (0 ≤ v ≤ x)ɼw (0 ≤ w ≤ y)͸ͦΕͦΕࡉ๔छ U, VɼW ͷࡉ๔਺Λද͕͢ɼ
͜ΕΒ͸ x·ͨ͸ yʹؚ·ΕΔࡉ๔਺Ͱ͋Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽͭ·Γɼࡉ๔छ Xͱ YͰෆ
׆ੑԽ͞Ε͍ͯΔࡉ๔ͷ਺͸ͦΕͧΕ x − vɼy − u −wͰද͞ΕΔɽࣜ (18)ͷӈลୈ 1߲͸ෆ׆ੑ
ঢ়ଶʹ͋Δࡉ๔छ Xͷ૿৩Λҙຯ͍ͯ͠Δɽରͯ͠ɼࣜ (18)ͷӈลୈ 2߲͸׆ੑঢ়ଶʹ͋Δਖ਼ৗ
ࡉ๔ V ͷ૿৩Λද͍ͯ͠Δɽࡉ๔छ V ͕୯ಠͰ૊৫Λܗ੒͢Δ࣌ɼͦͷ׬੒૊৫αΠζ͸ࡉ๔छ
Xͱಉ͡ Kxͱߟ͑Δͷ͕ଥ౰ͩΖ͏ɽ͔͠͠ɼͦͷ૿৩཰ rxv͸ࡉ๔छ XΑΓ΋ߴ͍ (rxv > rx)ɽ
Ҏ্ΑΓɼࡉ๔छ V ͷ૿৩Λ rxv(1 − x + yKx )vͰදͨ͠ɽ
ಉ༷ʹɼࣜ (19)ͷӈลୈ 1߲͸ෆ׆ੑঢ়ଶʹ͋Δࡉ๔छ Y ͷ૿৩Λද͍ͯ͠Δɽଓ͘ୈ 2߲ͱ
ୈ 3߲͸ͦΕͧΕ׆ੑԽࡉ๔UͱWͷ૿৩Λද͍ͯ͠Δɽ͜͜Ͱ ryu (> ry)ͱ ryw (> ry)͸ͦΕͧ
Εࡉ๔छ U ͱW ͷ૿৩཰Ͱ͋Δɽࣜ (19)ͷӈลୈ 4߲ dyy͸ࡉ๔छ Y ͷ಺ࡏੑͷࡉ๔ࢮΛද͠
͍ͯΔɽࡉ๔਺͕૿Ճ͢ΔͨΊʹ͸಺ࡏੑͷࡉ๔ࢮ͸ࡉ๔૿৩ΑΓ௿ස౓Ͱൃੜ͢Δඞཁ͕͋Δɽ
ͦͷͨΊɼࡉ๔ࢮ dy͸ dy < ryͷ৚݅Λຬͨ͢ɽ
ࣜ (20-22)ͷӈลୈ 1߲͸ɼͦΕͧΕͷ׆ੑԽࡉ๔ͷࡉ๔਺ͷ૿Ճ଎౓Ͱ͋Δɽͨͩ͠ɼ͜͜Ͱ
ߟ͍͑ͯΔ૿Ճ͸ࡉ๔෼྾ʹΑΔ΋ͷͰ͸ͳ͘ɼෆ׆ੑঢ়ଶʹ͋Δࡉ๔͕׆ੑԽ͢Δ͜ͱʹΑͬ
ͯੜ͡Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽ׆ੑԽࡉ๔ U, V , W ͷࡉ๔਺͸୯Ґ࣌ؒ౰ͨΓͷࡉ๔ࢮ͢Δ
ࡉ๔਺ (dyy·ͨ͸ byyD/2)ʹൺྫͯ͠ɼ૿৩཰ au(≥ 0), av(≥ 0), aw(≥ 0)ͰͦΕͧΕ૿Ճ͢Δɽࣜ
(20-22)ͷӈลୈ 2߲͸׆ੑԽࡉ๔ͷෆ׆ੑԽʹΑΔࡉ๔਺ݮগΛද͍ͯ͠Δɽ͜͜Ͱ׆ੑԽࡉ๔
U, V , W ͷෆ׆ੑԽ཰͸ͦΕͧΕ du(≥ 0), dv(≥ 0), dw(≥ 0)ͱఆٛͨ͠2ɽ
3.2.3 CDIPϞσϧͷॖ໿
§3.2.2Ͱ͸ɼCCϞσϧΛվม͢Δ͜ͱͰɼࡉ๔ࢮͱ୅ঈੑ૿৩ͷޮՌΛཅʹද͢ CDIPϞσϧ
Λߏஙͨ͠ɽ͔͠͠ɼ͜ͷϞσϧ͸ม਺ͷ਺ (=ํఔࣜͷ਺)͕ 5ม਺ͱଟ͘ɼղੳతʹऔΓѻ͏
͜ͱ͸೉͍͠ɽͦ͜Ͱม਺ͷ਺ΛݮΒ͠ɼղੳతʹղ͘͜ͱ͕Մೳͳܗ΁ͱམͱ͠ࠐΉॖ໿Λࢼ
Έͨɽ
؆୯ͷͨΊɼม਺ u, v, w͸ม਺ x, yʹൺ΂ɼे෼ʹૣ͘ఆৗঢ়ଶʹͳΔ͜ͱΛԾఆͨ͠ɽ͢ͳ
2ݫີʹ͸ɼύϥϝʔλ du, dv, dw ͷҙຯ͸׆ੑԽࡉ๔ͷ෼྾ϧʔϧʹΑͬͯมԽ͢Δɽ͢ͳΘͪɼ׆ੑԽࡉ๔͕ࡉ
๔෼྾ͨ࣌͠ɼ່ࡉ๔͕ 1)૒ํͱ΋׆ੑԽࡉ๔ʹͳΔͷ͔ɼ2)૒ํͱ΋ෆ׆ੑԽࡉ๔ʹͳΔͷ͔ɼ3)׆ੑԽࡉ๔ͱෆ
׆ੑԽࡉ๔ʹ෼྾͢Δͷ͔ʹΑͬͯɼࣜ (20-22)ͷୈೋ߲͕ද͍ͯ͠Δಈଶ͕มԽ͢ΔͷͰ͋Δɽ͔͠͠ɼͲͷ৔߹Ͱ
΋ࣜ (20-22)ͷܗͰදݱ͢Δ͜ͱ͕Ͱ͖Δɽৄࡉ͸ Appendix §S8Ͱड़΂ͨɽ
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ΘͪҎԼͷ৚͕݅ࣜຬͨ͞ΕΔͱͨ͠:
1 ≫ 1/au,
1/rx ≫ 1/av,
1 ≫ 1/aw.
(23)
͢ΔͱҎԼͷؔ܎ࣜΛಘΔ͜ͱ͕Ͱ͖Δ:
u =
audy
du
y, (24)
v =
avby
dv
y
D
2 , (25)
w =
awby
dw
y
D
2 . (26)
͜ΕΒͷؔ܎ࣜ͸ɼ׆ੑԽࡉ๔ UɼVɼW ͷࡉ๔਺͕ࡉ๔छ Y ͷࡉ๔਺ʹରͯ͠ৗʹҰఆͷׂ߹
ͱͳΔ͜ͱΛҙຯ͍ͯ͠Δɽ͕ͨͬͯ͠ɼม਺ u, v, w͸ yΛ༻͍Δ͜ͱͰද͢͜ͱ͕Ͱ͖ΔͨΊɼ
CDIPϞσϧ͔Β͜ΕΒͷม਺Λফڈ͢Δ͜ͱ͕Ͱ͖ΔɽҎ্ΑΓɼCDIPϞσϧΛ 2ม਺ͷ਺ཧ
Ϟσϧ (ॖ໿ܕ CDIPϞσϧ)΁ͱมܗ͢Δ:
dx
dt
=
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
[
rxx + (rxv − rx)avbydv y
D
2
]
(1 − x + y
Kx
) x + y < Kx,
0 x + y ≥ Kx,
(27)
dy
dt
=
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ry − dy + (ryu − ry)
audy
du
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ y −
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣1 − (ryw − ry)
aw
dw
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ byyD2 . (28)
͜͜Ͱؔ܎ࣜ ry > dyɼryu > ryΛࢥ͍ग़͢ͱɼࣜ (28)ͷӈลୈ 1߲͸ਖ਼ͷ஋ΛऔΔ͜ͱ͕෼͔Δɽ
ӈลୈ 1߲͕ਖ਼ʹͳΔ͜ͱ͔Βɼୈ 2߲͕ৗʹਖ਼ͱͳΔͳΒ͹ɼมҟࡉ๔਺ y͸૿Ճ͠ଓ͚ɼݮগ
͢Δ͜ͱ͕ͳ͘ͳͬͯ͠·͏ɽ͕ͨͬͯ͠ɼมҟࡉ๔ͷ૿ՃΛ཈͑ͯ૊৫͔Βഉআ͢Δɼ͢ͳΘ
ͪ yΛݮগͤ͞ΔͨΊʹ͸ӈลୈ 2߲͸ෛͷ਺ΛऔΔඞཁ͕͋Δɽ͜ͷ͜ͱ͔Βɼมҟࡉ๔ͷա
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૿৩ͷ཈੍͕Մೳͳඞཁ৚݅͸ɼ
−
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣1 − (ryw − ry)
aw
dw
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ byyD2 < 0,
1 − (ryw − ry)
aw
dw
> 0, (29)
ͱॻ͘͜ͱͰ͖Δɽࣜ (28)ͷӈลͷୈ 1߲ͱୈ 2߲͸ͦΕͧΕࡉ๔छ Y શମͷࡉ๔਺ͷ૿ݮͱɼ
ڥքʹ͓͚Δࡉ๔छ Yͷ্ݶΛҙຯ͍ͯ͠Δɽࣜ (27)͓Αͼࣜ (28)ͷܗ͸݁Ռͱͯ͠ຊ࣭తʹ͸
CCϞσϧʹ͍ۙ΋ͷʹͳ͍ͬͯΔ͕ɼࡉ๔ࢮͱ୅ঈੑ૿৩Λߟྀͨ͠ܗͰ͋Δɽ
3.3 ݁Ռ
3.3.1 CDIPϞσϧͱॖ໿ܕCDIPϞσϧͷແ࣍ݩԽ
ղੳʹઌۦ͚ɼ֤਺ཧϞσϧͷແ࣍ݩԽΛߦͬͨɽແ࣍ݩԽͨ͠CDIPϞσϧ͸ҎԼͷΑ͏ʹॻ
͘͜ͱ͕Ͱ͖Δ:
1
ρx
dx˜
dτ
=
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(x˜ + ρvv˜)(1 − x˜ − y˜), x˜ + y˜ < 1,
0, x˜ + y˜ ≥ 1,
dy˜
dτ
= (1 − α)y˜ + ρuu˜ + ρww˜ − δy˜ D2 ,
ζu
du˜
dτ
= αy˜ − βuu˜,
ζv
dv˜
dτ
= δy˜
D
2 − βvv˜,
ζw
dw˜
dτ
= δy˜
D
2 − βww˜.
(30)
͜ͷ਺ཧϞσϧͷม਺ͱύϥϝʔλͷ਺͸ඇৗʹଟ͍ͨΊɼද 3ʹ·ͱΊͨɽύϥϝʔλ΍ม਺
ͷఆٛҬ͸جຊతʹແ࣍ݩԽͷલͷ΋ͷʹରԠ͓ͯ͠Γɼͦͷଞͷύϥϝʔλʹؔͯ͠΋ແ࣍ݩ
ԽલͷఆٛҬ͔Βܾఆ͢Δࣄ͕Ͱ͖Δɽ஫ҙ͕ඞཁͳύϥϝʔλͷҰ͕ͭࡉ๔ࢮ཰ α(= dy/ry)Ͱ
͋Δɽ಺ࡏੑͷࡉ๔ࢮ཰͕૿৩཰Λ্ճΔͷࣗવͰ͸ͳ͍ͱ͍͏ແ࣍ݩԽલͷ৚݅ࣜ 0 < dy ≤ ry
͔Βɼ͜ͷύϥϝʔλͷఆٛҬ͸ 0 < α ≤ 1ͱͳΔɽ·ͨɼ׆ੑԽࡉ๔ͷ૿৩཰͸ෆ׆ੑԽࡉ
๔ʹൺ΂ͯߴ͍ͱߟ͑ΒΕΔ (ryu > ry)ɽ͕ͨͬͯ͠ɼryu/ry > 1ͱͳΔͨΊɼྫ͑͹ύϥϝʔλ
ρu = (ryu/ry) − 1 > 0ͱͳΔɽρv, ρwͷఆٛҬʹ͍ͭͯ΋ಉ༷ʹఆٛ͞ΕΔɽ
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ද 3: ແ࣍ݩԽͨ͠ CDIPϞσϧͷม਺ͱύϥϝʔλ
ม਺ɾύϥϝʔλ ఆٛҬ ҙຯ
x˜ = x/Kx ≥ 0 Xͷࡉ๔਺
y˜ = y/Kx ≥ 0 Y ͷࡉ๔਺
u˜ = u/Kx 0 ≤ u˜ ≤ y˜ Uͷࡉ๔਺
v˜ = v/Kx 0 ≤ v˜ ≤ x˜ V ͷࡉ๔਺
w˜ = w/Kx 0 ≤ w˜ ≤ y˜ W ͷࡉ๔਺
τ = ryt > 0 ୯Ґ࣌ؒ
α = dy/ry 0 < α ≤ 1 ಺ࡏੑͷࡉ๔ࢮ཰
βu = du/(aury) > 0 ࡉ๔छ U΁ͷ׆ੑԽɼ͓Αͼෆ׆ੑԽͷൺ
βv = dv/(avry) > 0 ࡉ๔छ V ΁ͷ׆ੑԽɼ͓Αͼෆ׆ੑԽͷൺ
βw = dw/(awry) > 0 ࡉ๔छW ΁ͷ׆ੑԽɼ͓Αͼෆ׆ੑԽͷൺ
δ = by/ryKD/2−1x > 0 ࡉ๔ڝ߹ʹΑΔഉআ཰
ρx = rx/ry > 0 ࡉ๔छ Xͱ Y ͷ૿৩཰ͷൺ
ρu = ryu/ry − 1 > 0 ࡉ๔ڝ߹ʹ༝དྷ͢Δ୅ঈੑ૿৩ʹΑΔ Y ͷ૿৩ဏਐ཰
ρv = rxv/rx − 1 > 0 ࡉ๔ࢮʹΑΔ Xͷ૿৩ဏਐ཰
ρw = ryw/ry − 1 > 0 ಺ࡏࢮʹ༝དྷ͢Δ୅ঈੑ૿৩ʹΑΔ Y ͷ૿৩ဏਐ཰
ζu = 1/au > 0 uͷಈଶͷ؇࿨࣌ؒ
ζv = 1/av > 0 vͷಈଶͷ؇࿨࣌ؒ
ζw = 1/aw > 0 wͷಈଶͷ؇࿨࣌ؒ
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ॖ໿ܕ CDIPϞσϧʹ͍ͭͯ΋ಉ༷ʹແ࣍ݩԽͨ͠:
1
ρx
dx˜
dτ
=
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(x˜ + ρv
δ
βv
y˜
D
2 )(1 − x˜ − y˜), x˜ + y˜ < 1,
0, x˜ + y˜ ≥ 1,
dy˜
dτ
=
[
1 − α(1 − ρu
βu
)
]
y˜ − δ(1 − ρw
βw
)y˜
D
2 .
(31)
͜͜Ͱɼมҟࡉ๔ Y ͷա૿৩ͷ཈੍͕Մೳͳ৚݅ࣜ (29)͸ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
βw > ρw. (32)
3.3.2 CDIPϞσϧͱॖ໿ܕCDIPϞσϧͷμΠφϛΫε
ղੳʹ͋ͨΓɼߏஙͨ͠਺ཧϞσϧͷੑ࣭Λ೺Ѳ͢Δ͜ͱʹऔΓ૊Μͩɽಛʹॖ໿ܕ CDIPϞ
σϧ͸ CDIPϞσϧͱ͸ҟͳΓղੳతʹௐ΂Δ͜ͱ͕ՄೳͳͨΊɼॖ໿ܕ CDIPϞσϧΛத৺ʹه
ड़͢Δɽਤ 14͸ॖ໿ܕ CDIPϞσϧ (ࣜ (31))ͷ૬ฏ໘ਤͰ͋Δ (ৄࡉͳղੳ͸Appendix §S9ʹه
ͨ͠)ɽ
x˜ͱ y˜ͷψϧΫϥΠϯΛҎԼʹࣔ͢:
y˜ = 1 − x˜, or y˜ =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
βv
δρv
x˜
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
2
D
(x˜ ≤ 0), (33)
y˜ =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δ(1 − ρwβw )
1 − α(1 − ρuβu )
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
2
2−D
≡ y˜S, or y˜ = 0, (34)
͜͜Ͱɼx˜-ψϧΫϥΠϯͰ͋Δ x˜ + y˜ = 1↔ x + y = Kx(ਤ 14಺ͷ੺ͷ௚ઢ)͸ɼਖ਼ৗͳ૊৫αΠζ
ʹରԠ͢Δɽࣜ 33ͷೋͭ໨ͷ x˜-ψϧΫϥΠϯ͸ x˜ ≤ 0ͷྖҬʹଘࡏ͠ɼੜ෺ֶతͳҙຯ͸࣋ͨͳ
͍͕ɼղͷڍಈΛ֓؍͢ΔͨΊʹࣔͨ͠ɽ
͜ͷ૬ฏ໘ਤʹ͸ৗʹฏߧ఺ S0(0, 0)ͱ S1(1, 0)͕ଘࡏ͢Δɽ͞Βʹɼ৚݅ࣜ (32)͕ຬͨ͞ΕΔ
࣌ɼͭ·Γɼมҟࡉ๔ Y ͷա૿৩͕཈੍͠ಘΔ࣌ɼฏߧ఺ S2(1 − y˜S, y˜S)ͱ S3(δρv/βvy˜D/2S , y˜S)͕৽
ͨʹ௥Ճ͞ΕΔɽ͜ͷฏߧ఺ S2͕ୈҰ৅ݶʹଘࡏ͢Δ৚݅ͱ৚݅ࣜ (32)Λ߹ΘͤΔ͜ͱͰɼҎԼ
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ਤ 14: ॖ໿ܕ CDIPϞσϧͷ୅දతͳ૬ฏ໘ਤɽനؙ͸ෆ҆ఆฏߧ఺ɼࠇؙ͸҆ఆฏߧ఺Ͱ͋
Δɽdx˜/dτ = 0ͱ dy˜/dτ = 0ψϧΫϥΠϯ͸੺ͱ੨ͷ௚ઢͰͦΕͧΕࣔͨ͠ (ͨͩ͠ɼୈೋ৅ݶ
ʹ͋Δ dx˜/dτ = 0ψϧΫϥΠϯ͸ഁઢͱͨ͠)ɽփ৭Ͱࣔͨ͠ྖҬ͸ୈೋ৅ݶ͓Αͼୈ࢛৅ݶͰ
͋Γɼ͜͜Ͱ͸ x˜ɼy˜͕ෛ஋ͱͳΔͨΊʹੜ෺ֶతʹ͸ҙຯΛ࣋ͨͳ͍ɽA͸৚݅ࣜ (35)ʹ͓͚
Δ (a)ͷ৔߹Λදͯ͠Δ (βw > ρw ͔ͭ y˜S < 1)ɽB͸৚݅ࣜ (35)ʹ͓͚Δ (b)ͷ৔߹Λදͯ͠Δ
(βw > ρw ͔ͭ y˜S ≥ 1)ɽC͸৚݅ࣜ (35)ʹ͓͚Δ (c)ͷ৔߹Λදͯ͠Δ (βw ≤ ρw)ɽύϥϝʔλ͸
ͦΕͧΕɼ(A) ρu = ρv = ρw = 1; (B) ρu = ρv = ρw = 5; (C) ρu = ρv = ρw = 0.07ͱͨ͠ɽͦͷଞͷ
ύϥϝʔλ͸ α = 0.1, δ = 1.0, βu = βv/2 = βw/2 = 5/6, ρx = 1, ζu = ζv/2 = ζw/2 = 1/6, D = 1ʹ
ݻఆͨ͠ɽจݙ [44]ΑΓసࡌɽ
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ͷΑ͏ʹॖ໿ܕ CDIPϞσϧͷಈଶ͸̏छྨʹ෼ྨ͢Δ͜ͱ͕Ͱ͖Δ:
(a) βw > ρw ∧ y˜S < 1 (ਤ 14A),
(b) βw > ρw ∧ y˜S ≥ 1 (ਤ 14B),
(c) βw ≤ ρw (ਤ 14C).
(35)
(a)ͷ৔߹͕ҙຯ͢Δঢ়گ͸ɼڥքʹ͓͚Δมҟࡉ๔ͷഉআ͸ڥքʹ͓͚Δ୅ঈੑ૿৩ʹΑΔม
ҟࡉ๔ͷ૿ՃΛ্ճ͍ͬͯΔ͕ (βw > ρw)ɼมҟࡉ๔શମͷ૿৩ΛԼճ͍ͬͯΔ (y˜S < 1)ͱ͍͏ঢ়
گͰ͋Δɽ͜ͷ৔߹ɼฏߧ఺ S2͸ୈҰ৅ݶʹଘࡏ͢Δ (ਤ 14A)ɽ͜͜ͰɼS0, S2, S3͸ෆ҆ఆฏߧ
఺ɼS1͸҆ఆฏߧ఺Ͱ͋Δ (Appendix §S9)ɽਤ 14AΛݟΔͱ෼͔ΔΑ͏ʹɼ (a)ͷ৔߹͸ηύϥ
τϦΫε R1S2͕ଘࡏ͢Δɽ͜ͷηύϥτϦΫε͸ y˜ = y˜SͰ͋ΔͨΊɼy˜ͷॳظ஋͕ y˜SΛԼճΔ
࣌ɼղ͸ S1ʹऩଋ͢Δɽ͢ͳΘͪɼ૊৫ʹੜͨ͡มҟࡉ๔ͷࡉ๔਺͕ྟքࡉ๔਺ y˜SΑΓখ͍͞
࣌ɼมҟࡉ๔ʹ୅ঈੑ૿৩͕ಇ͍͍ͯΔʹ΋ؔΘΒͣͦΕΒ͸શͯۦஞ͞Εɼਖ਼ৗͳ૊৫͕ܗ੒
͞ΕΔɽ͜ͷ࣌ɼ૊৫αΠζ͸ਖ਼ৗαΠζΛ্ճΔ͜ͱ͸ͳ͍ (x˜+ y˜ ≤ 1)ͨΊɼ૊৫ͷա੒௕͸๷
͕ΕΔɽҰํɼ૊৫ʹੜ·Εͨมҟࡉ๔ͷࡉ๔਺͕ y˜SΛ্ճΔ࣌ɼมҟࡉ๔͸ແݶʹ૿৩Λଓ͚
ͯजᙾΛܗ੒ͯ͠͠·͏ (y˜→ ∞)ɽ౰વ͜ͷ࣌ɼ૊৫αΠζ͸ਖ਼ৗαΠζΛ্ճΔ (x˜+ y˜ > 1)ɽม
ҟࡉ๔ͷॳظࡉ๔਺ʹ૊৫ͷӡ໋͕ґଘ͢Δͱ͍͏͜ͷ݁Ռ͸ɼCDIPϞσϧΛ༻͍ͨ਺஋γϛϡ
ϨʔγϣϯͰ΋ಘΔ͜ͱ͕Ͱ͖ͨ (ਤ 15)ɽͦͷͨΊɼCDIPϞσϧͱॖ໿ܕ CDIPϞσϧͷ૒ํʹ
ڞ௨͢Δੑ࣭ͱݴ͑Δɽͨͩ͠ɼ૊৫ͷӡ໋ͷॳظ஋΁ͷґଘͱ͍͏ੑ࣭͸ɼݩʑCCϞσϧͷܥ
(d)(§2.2.2,ਤ 7D)ʹ༝དྷ͢Δੑ࣭Ͱ͋Γɼ୅ঈੑ૿৩ʹ༝དྷ͢Δ΋ͷͰ͸ͳ͍͜ͱʹ஫ҙ͕ඞཁͰ
͋Δɽ
(b)ͷ৔߹͕ҙຯ͢Δঢ়گ͸ɼڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ڥքʹ͓͚Δ୅ঈੑ૿৩ʹΑΔม
ҟࡉ๔ͷ૿Ճͱมҟࡉ๔શମͷ૿৩Λڞʹ্ճ͍ͬͯΔ (βw > ρw ∧ y˜S ≥ 1)ͱ͍͏ঢ়گͰ͋Δɽ͜
Ε͸ڥքʹ͓͚Δมҟࡉ๔ͷഉআ࡞༻͕ඇৗʹڧ͍͜ͱΛҙຯ͍ͯ͠Δɽ͕ͨͬͯ͠ɼͲΜͳॳ
ظࡉ๔਺ͷมҟࡉ๔ Y ͷूஂ΋࠷ऴతʹ׬શഉআ͞Εɼजᙾͷܗ੒͸๷͕ΕΔ͜ͱΛҙຯ͍ͯ͠
Δɽ਺ֶతʹ͸ෆ҆ఆฏߧ఺ S2͸ୈ 2৅ݶʹଘࡏ͢Δ (ਤ 14B)ɽ͕ͨͬͯ͠ɼୈ 1৅ݶʹ͓͚Δ
ղ͸ॳظ஋ʹؔ܎ͳ͘ৗʹ҆ఆฏߧ఺ S1ʹऩଋ͢ΔɽCCϞσϧͰ͸ਤ 7EͷΑ͏ͳ৔߹͕ରԠ͢
Δɽ͢ͳΘͪɼมҟࡉ๔ͷ׬੒૊৫αΠζͷํ͕ਖ਼ৗࡉ๔ͷ΋ͷ (ਖ਼ৗ૊৫)ΑΓ΋େ͖͍΋ͷͷɼ
ഉআ཰ β͕େ͖͍ͨΊɼฏߧ఺ S2͕ୈҰ৅ݶʹଘࡏ͠ͳ͍ܥͰ͋Δ (κ > 1͔ͭ β > βyc,ਤ 7E)ɽ
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(c)ͷ৔߹͕ҙຯ͢Δঢ়گ͸ɼڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ڥքʹ͓͚Δ୅ঈੑ૿৩ʹΑΔม
ҟࡉ๔ͷ૿ՃΛԼճ͍ͬͯΔ (βw > ρw)ͱ͍͏ঢ়گͰ͋Δɽ͜ͷύϥϝʔλઃఆͰ͸ഉআ࡞༻͕ऑ
͗͢ΔͨΊɼ΋͸΍ڥքʹ͓͍ͯ΋มҟࡉ๔͸૿͑ଓ͚Δͱ͍͏͜ͱΛҙຯ͍ͯ͠Δɽ͕ͨͬ͠
ͯɼͲΜͳॳظࡉ๔਺ͷมҟࡉ๔ Y ͷूஂ΋ա૿৩͠ɼजᙾΛܗ੒ͯ͠͠·͏ɽ਺ֶతʹ͸ฏߧ
఺ S0ͱ S1͕ڞʹෆ҆ఆͱͳΔ (ਤ 14C)ɽ͜ͷ࣌ɼ(b)ͷ৔߹ͱ൓ରʹղ͸ॳظ஋ʹؔ܎ͳ͘ແݶ
ʹൃࢄ͢ΔɽCCϞσϧͰ͸ਤ 7FͷΑ͏ͳ৔߹͕ରԠ͢Δɽ͢ͳΘͪɼมҟࡉ๔ͷ׬੒૊৫αΠ
ζͷํ͕ਖ਼ৗࡉ๔ͷ΋ͷ (ਖ਼ৗ૊৫)ΑΓ΋େ͖͘ɼഉআ཰ β͕ଘࡏ͠ͳ͍ܥͰ͋Δ (κx > κy ͔ͭ
β = 0,ਤ 7F)ɽͨͩ͠ɼCCϞσϧͰ͸มҟࡉ๔ͷ૿৩Λ༗ݶͱ͍ͯ͠ΔͨΊɼมҟࡉ๔͸ա૿৩
͢Δ΋ͷͷແݶʹ૿৩͸͠ͳ͍ɽ
ڵຯਂ͍͜ͱʹɼ (a-c)ͷ෼ྨ͸ਖ਼ৗࡉ๔ͷ୅ঈੑ૿৩ʹΑΔ૿৩ဏਐ཰ ρvʹӨڹΛड͚ͳ͍͜
ͱ͕෼͔Δɽ͜Ε͸Ұൠʹ৴͡ΒΕ͍ͯΔਖ਼ৗࡉ๔Ͱͷ୅ঈੑ૿৩ʹΑΔޮՌͱҰݟໃ६͍ͯ͠Δ
Α͏ʹݟ͑Δ͕ɼ͜ͷ͜ͱʹ͍ͭͯ͸ޙड़͢Δ (§3.4)ɽҰํɼมҟࡉ๔ͷ୅ঈੑ૿৩ʹΑΔ૿৩ဏ
ਐ཰ʹؔ͢Δೋͭͷύϥϝʔλ ρu (y˜Sʹؚ·ΕΔ)ͱ ρw͸͜ͷ෼ྨʹӨڹΛٴ΅͢ɽ͕ͨͬͯ͠ɼ
ࡉ๔ڝ߹ͷ݁Ռɼਖ਼ৗࡉ๔ͷΈ͕૊৫Λܗ੒͢Δ͔ɼͦΕͱ΋มҟࡉ๔͕ੜ͖ԆͼͯजᙾΛܗ੒
͢Δ͔ͱ͍͏૊৫ͷӡ໋ʹӨڹ͢Δ୅ঈੑ૿৩͸ɼมҟࡉ๔ʹಇ͘΋ͷͷΈͰ͋Δ͜ͱ͕෼͔Δɽ
3.3.3 ॖ໿ܕ CDIPϞσϧʹ͓͍ͯมҟࡉ๔ʹಇ͘୅ঈੑ૿৩ͷΈ͕૊৫ͷӡ໋Λࠨӈ
͢Δ
૊৫ͷӡ໋ʹ୅ঈੑ૿৩͕༩͑ΔӨڹʹ͍ͭͯఆྔԽ͢ΔͨΊʹɼୈ 2ষʹ͓͍ͯࣜ (14)Ͱఆ
ٛͨ͠ूஂదԠ౓ͷࢦඪͰ͋ΔF Λ༻͍ͨɽॖ໿ܕ CDIPϞσϧͰ͸F ͸ࡾ֯ܗ S0S1R2ͱ୆ܗ
R1S0S1S2ͷ໘ੵൺʹΑͬͯܭࢉ͢Δ͜ͱ͕Ͱ͖Δ (ਤ 14A)ɽ͕ͨͬͯ͠ɼ(a-c)ͷ৔߹ʹ͓͚ΔF
͸ҎԼͷΑ͏ʹఆٛ͢Δ͜ͱ͕Ͱ͖Δ:
F =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
y˜S(2 − y˜S), (a),
1, (b),
0, (c).
(36)
(a-c)ͷ෼ྨͱಉ༷ͷཧ༝Ͱɼ͜ͷ݁Ռ͸దԠ౓F ΋·ͨมҟࡉ๔ʹಇ͘୅ঈੑ૿৩ͷڧ͞ʹͷ
Έґଘ͓ͯ͠Γɼਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩͔Β͸ӨڹΛड͚ͳ͍ͱ͍͏͜ͱΛ͍ࣔͯ͠ΔɽՃ
͑ͯɼF ͕ύϥϝʔλͷӨڹʹΑͬͯมԽ͠͏Δͷ͸ (a)ͷ৔߹ͷΈͰ͋Δ͜ͱ͕෼͔Δɽ(b)ͱ
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ਤ 15: CDIPϞσϧʹ͓͚Δࡉ๔਺ x˜ͱ y˜ͷ࣌ؒൃలɽࣜ (30)Λ༻͍ͯɼॳظࡉ๔਺ (x˜0, y˜0) =
(1/15, 1/300)(A, B)ͱ (x˜0, y˜0) = (1/15, 1/60) (C)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔਺
ͷ࣌ؒมԽΛࣔͨ͠ɽࠇઢ͕ਖ਼ৗࡉ๔਺ (x˜)ɼ੨ઢ͕มҟࡉ๔਺ (y˜)ɼ྘ઢ͕૊৫αΠζ (x˜ + y˜)
ΛͦΕͧΕද͍ͯ͠Δɽ఺ઢ͸ਖ਼ৗͳ׬੒૊৫αΠζͰ͋Δɽύϥϝʔλ͸ α = 0.1, δ = 0.1,
βu = βv/2 = βw/2 = 5/6, ρx = 1, ρu = ρv = ρw = 1, ζu = ζv/2 = ζw/2 = 1/6, D = 1ʹݻఆͨ͠ɽA
Ͱ͸ɼ྘ͱࠇͷઢͷେ൒͕ඃͬͯ͠·͍ͬͯΔ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽจݙ [44]ΑΓసࡌɽ
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(c)ͷ৔߹Ͱ͸ղͷॳظ஋ʹؔΘΒͣࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋͸ৗʹҰఆͰ͋Δ͜ͱ͔Βɼ͜Ε
͸౰વͰ͋Δɽ͕ͨͬͯ͠ɼύϥϝʔλͷมԽʹΑΔF ΁ͷӨڹΛղੳ͢ΔͨΊʹ͸ (a)ͷ৔߹
͕࠷దͰ͋ΔɽͦͷͨΊɼҎ߱ɼ୅ঈੑ૿৩͕దԠ౓F ʹ༩͑ΔӨڹʹ͍ͭͯ (a)ͷ৔߹Λத৺
ʹղੳΛߦͬͨɽ
3.3.4 CDIPϞσϧʹ͓͍ͯ΋มҟࡉ๔ʹಇ͘୅ঈੑ૿৩ͷΈ͕૊৫ͷӡ໋Λࠨӈ͢Δ
ॖ໿ܕ CDIPϞσϧͷ৔߹ͱҟͳΓɼม਺͕ 5ͭ͋Δ CDIPϞσϧʹ͓͚ΔF ΛղੳతʹٻΊ
Δ͜ͱ͸ࠔ೉Ͱ͋ΔɽͦͷͨΊɼࣜ (30)Λ༻͍ͨγϛϡϨʔγϣϯʹΑΓ CDIPϞσϧʹ͓͚Δ
F ΛٻΊͨɽ۩ମతʹ͸ 0 < x˜ + y˜ < 1Λຬͨ͢ॳظ஋ͱ͢ΔγϛϡϨʔγϣϯʹΑΔղͷڍಈΛ
໢ཏతʹܭࢉ͠ɼ҆ఆฏߧ఺ S1ʹऩଋ͢Δׂ߹Λௐ΂ͨɽղੳ݁ՌΛਤ 16ʹ·ͱΊΔɽύϥϝʔ
λ ρu, ρv, ρw͸୅ঈੑ૿৩ʹΑΔࡉ๔छUɼVɼWͷ૿৩཰ͷဏਐ཰Λද͍ͯ͠Δɽਤ 16AɼC͸ɼ
มҟࡉ๔ʹର͢Δ୅ঈੑ૿৩ͷύϥϝʔλ ρu΍ ρw͕େ͖͘ͳΔʹͭΕͯɼF ͕ݮগ͢Δ͜ͱΛ
͍ࣔͯ͠Δɽ͕ͨͬͯ͠ɼมҟࡉ๔ʹର͢Δ୅ঈੑ૿৩ͷޮՌ (ρu, ρw)͕େ͖͍΄ͲɼΑΓগ਺ͷ
૊৫಺ʹൃੜͨ͠มҟࡉ๔Ͱ΋ੜ͖Ԇͼͯ͠·͏͜ͱ͕ࣔ͞ΕͨɽҰํɼਖ਼ৗࡉ๔ʹ͓͚Δ୅ঈ
ੑ૿৩ͷύϥϝʔλ ρv͕มԽͯ͠΋ɼF ͸มԽ͠ͳ͍ (ਤ 16B)ɽ͜ͷ݁Ռ͸ਖ਼ৗࡉ๔ʹ͓͚Δ୅
ঈੑ૿৩ͷޮՌ͕େ͖ͯ͘΋ɼมҟࡉ๔ͷഉআʹؔͯ͠༗རʹಇ͔ͳ͍͜ͱΛ͍ࣔͯ͠Δɽ͜Ε
Βͷ݁Ռ͸ɼॖ໿ܕ CDIPϞσϧ͔ΒಘΒΕͨ݁ՌͱҰக͢ΔɽҎԼͰ͸ɼCDIPϞσϧͱॖ໿ܕ
CDIPϞσϧ͔ΒಘΒΕͨ݁Ռͷൺֱʹ͍ͭͯৄࡉʹड़΂Δɽ
CDIPϞσϧΛ༻͍ͨγϛϡϨʔγϣϯʹΑͬͯٻΊͨ ρu ͱF ͷؔ܎ (ਤ 16A಺ͷϓϩοτ)
ͱॖ໿ܕ CDIPϞσϧ͔ΒղੳతʹٻΊͨ ρuͱF ͷؔ܎ (ਤ 16A಺ͷۂઢ)ͷൺֱΛߟ͑Δɽ͢
ΔͱɼCDIPϞσϧͷ݁Ռ͸ॖ໿ܕ CDIPϞσϧΛ༻͍ͯྑۙ͘ࣅͰ͖͍ͯΔ͜ͱ͕෼͔Δɽಉ༷
ʹɼρvͱF ͷؔ܎ʹ͍ͭͯ΋ɼCDIPϞσϧͷ݁Ռ͸ॖ໿ܕ CDIPϞσϧΛ༻͍ͯྑۙ͘ࣅ͢Δ
͜ͱ͕Ͱ͖ͨ (ਤ 16B಺ͷϓϩοτͱࠇͷ௚ઢ)ɽҰํɼρwͱF ͷؔ܎ʹ͍ͭͯ͸্खۙ͘ࣅͰ
͖͍ͯͳ͍ྖҬ͕͋Δ͜ͱ͕෼͔Δ (ਤ 16C಺ͷϓϩοτͱࠇͷ ρw > 3ͷྖҬ)ɽڥքʹ͓͍ͯ
มҟࡉ๔ʹಇ͘୅ঈੑ૿৩ͷ૿৩ဏਐ཰͕े෼খ͍࣌͞ (ρw ≪ βw)ɼॖ໿ܕ CDIPϞσϧ͸ CDIP
ϞσϧΛྑۙ͘ࣅ͢Δɽ͔͠͠ɼύϥϝʔλ ρw͕େ͖͍࣌ɼ͜ͷۙࣅͷޡ͕ࠩେ͖͘ͳΔɽύϥ
ϝʔλ ρw͕େ͖͍ͱ͍͏͜ͱ͸ɼryw ≫ ryͱ͍͏͜ͱͰ͋Δɽ͜ͷ࣌ɼมҟࡉ๔ Yͷࣜ (19)͸߲
ryww͕ࢧ഑తʹͳΔɽ͕ͨͬͯ͠ɼຊདྷ͸ෆ׆ੑԽঢ়ଶͷࡉ๔छ Yͷࡉ๔਺ͱ v, wͷ߹ܭͰ͋Δ
͸ͣͷ y͸ɼy ≃ wͷঢ়ଶʹͳͬͯ͠·͏ɽ͢ͳΘͪɼڥքʹ͓͚Δ୅ঈੑ૿৩Ͱ׆ੑԽͨ͠ࡉ๔
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छW͕ࡉ๔छ Yूஂͷେ൒Λ઎ΊΔͷͰ͋Δɽ͜ͷۃ୺ͳঢ়گΛऔΓѻ͏ͨΊʹɼॖ໿ܕ CDIP’
ϞσϧΛߏஙͨ͠ɽॖ໿ܕ CDIP’Ϟσϧ͸ॖ໿ܕ CDIPϞσϧͱಉ͘͡ CDIPϞσϧ͔Βม਺Λ
ݮΒͨ͠਺ཧϞσϧͰ͋Δ͕ɼͦͷࡍʹࡉ๔छW͕ࡉ๔छ Yͷେ൒Λ઎ΊΔͱ͍͏৚݅Λ༻͍ͯ
͍ΔͨΊɼॖ໿ܕCDIPϞσϧͱ͸ҟͳΔܗͰද͞ΕΔ (ৄࡉ͸Appendix §S10Λࢀর)ɽ͜ͷॖ໿
ܕ CDIP’Ϟσϧ͔Βղੳతʹࢉग़ͨ͠F ͸ɼρw͕େ͖͍ྖҬʹ͓͚Δ CDIPϞσϧͷ݁ՌΛΑ
ۙ͘ࣅ͢Δ (ਤ 16C಺ͷϓϩοτͱΦϨϯδͷۂઢ)ɽ͞Βʹॖ໿ܕ CDIPϞσϧͱॖ໿ܕ CDIP’
ϞσϧͷͦΕͧΕ͔ΒٻΊͨ ρwͷؔ਺ͱͯ͠F ΛٻΊΔ͜ͱͰɼೋͭͷؔ਺ͷަ఺ͱͯ͠ᮢ஋
ρw = βw − 1Λࢉग़ͨ͠ɽ͜ͷᮢ஋ΑΓ ρw͕େ͖͍࣌͸ɼࡉ๔छW ͕ࡉ๔छ Y ूஂͷେ൒Λ઎Ί
Δͱ͍͏ۃ୺ͳঢ়ଶʹؕΔɽ
Ҏ্ΑΓɼ؆୯Խͨ͠ॖ໿ܕCDIP·ͨ͸ॖ໿ܕCDIP’ʹΑΔղੳղ͸ 5ม਺ܥͷCDIPϞσϧ
ΛΑۙ͘ࣅ͢Δ͜ͱ͕͔֬ΊΒΕͨɽ
3.3.5 ࡉ๔ڝ߹༝དྷͷ୅ঈੑ૿৩͸಺ࡏࢮ༝དྷͷ΋ͷʹൺ΂ͯΑΓF Λݮগͤ͞Δ
͜Ε·Ͱʹࣔͨ͠Α͏ʹɼ୅ঈੑ૿৩ʹΑΔมҟࡉ๔ͷ૿৩ဏਐ཰ʹؔ͢Δೋͭͷύϥϝʔλ
ρuͱ ρw͕େ͖͘ͳΔ΄ͲɼF ͸ݮগ͢Δɽ͜͜Ͱɼೋͭͷύϥϝʔλ͸ɼࡉ๔ڝ߹ͱ಺ࡏࢮʹ༝
དྷ͢Δ୅ঈੑ૿৩ΛͦΕͧΕද͍ͯ͠Δɽ͢ͳΘͪɼݱ࣮ܥͷҟͳΔݱ৅Λද͍ͯ͠ΔͨΊɼൃ
ੜػং΍૊৫ʹ͓͚Δൃੜ৔ॴ΋ҟͳΔɽ͜ͷ࣌ɼͦΕͧΕͷ୅ঈੑ૿৩ʹؔ͢Δύϥϝʔλ ρu
ͱ ρwͷͲͪΒ͕ΑΓF ʹӨڹΛ༩͑Δͷ͔͸ڵຯਂ͍໰୊Ͱ͋Δɽͦ͜Ͱॖ໿ܕ CDIPϞσϧ
Λ༻͍ͯ͜ͷ໰୊ʹղੳతʹऔΓ૊Μͩɽ
ࣜ (36)ΑΓɼF ͸ y˜S͕େ͖͘ͳΔʹͭΕͯ૿Ճ͢Δ (ਤ 17)ɽ͜͜Ͱɼࣜ (34)ʹ͓͚Δ y˜Sͷఆ
ٛΑΓɼy˜S͸ύϥϝʔλ ρuͱ ρwΛؚΜͰ͍Δɽ͕ͨͬͯ͠ɼρuͱ ρw͕F ʹ༩͑ΔӨڹ͸ɼͦΕ
Βೋͭͷύϥϝʔλ͕ y˜Sʹ༩͑ΔӨڹΛௐ΂Δ͜ͱͰ໌Β͔ʹ͢Δ͜ͱ͕Ͱ͖Δɽ·ͣɼࣜ (34)
ͷܗΑΓɼղੳͷͨΊʹ࣍ͷม਺Λఆٛͨ͠:
y˜′S = y˜
2−D
2
S .
͜͜Ͱ y˜′S͸ y˜Sͷ୯ௐ૿Ճؔ਺ʹͳ͍ͬͯΔ (ͨͩ͠ 1 ≤ D < 2)ɽ͕ͨͬͯ͠ɼy˜SͷڍಈΛௐ΂Δ
51
ਤ 16: F ͷ୅ঈੑ૿৩ʹΑΔ૿৩ဏਐ཰΁ͷґଘੑɽࠇͱΦϨϯδͷઢ͸ͦΕͧΕॖ໿ܕCDIP
Ϟσϧ (ࣜ (31))ͱॖ໿ܕ CDIP’Ϟσϧ (ࣜ (67))ΑΓղੳతʹٻΊͨF Ͱ͋Δɽനؙ͸ CDIPϞ
σϧΛ༻͍ͨγϛϡϨʔγϣϯʹΑΓࢉग़ͨ͠F Ͱ͋ΔɽCʹ͓͍ͯࣼઢͰࣔͨ͠ྖҬ͸෼ྨ
(35)ʹ͓͚Δ (a)ͷ৔߹ͷύϥϝʔλྖҬΛද͢ɽ୅ঈੑ૿৩ʹΑΔ૿৩ဏਐ཰Λද͢ύϥϝʔ
λ͸ͦΕͧΕɼ(A) ρv = ρw = 0; (B) ρu = ρw = 0; (C) ρu = ρv = 0ͱͨ͠ɽͦͷଞͷύϥϝʔλ͸
α = 0.1, δ = 0.1, βu = βv = βw = 3, ρx = 1, ζu = ζv/2 = ζw/2 = 1/6, D = 1ʹݻఆͨ͠ɽจݙ [44]
ΑΓసࡌɽ
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ਤ 17: y˜S ͷؔ਺ͱͯ͠දͨ͠Fɽจݙ [44]ΑΓվมͯ͠సࡌɽ
ͨΊʹ͸ɼy˜′SͷڍಈΛௐ΂Ε͹ྑ͍ɽࣜ (34)ΑΓɼy˜
′
S͸ҎԼͷΑ͏ʹද͞ΕΔ:
y˜′S =
δ(1 − ρwβw )
1 − α(1 − ρuβu )
.
ม਺ y˜′Sʹରͯ͠ ρuͱ ρw͕༩͑ΔӨڹ͸ɼͦΕͧΕͷภඍ෼ ∂y˜
′
S/∂ρuͱ ∂y˜
′
S/∂ρw͔Βௐ΂Δ͜ͱ
͕Ͱ͖ΔɽͦΕͧΕͷ஋͸ҎԼͷΑ͏ʹද͞ΕΔ:
∂y˜′S
∂ρu
= −
αδ(1 − ρwβw )
βu{1 − α(1 − ρuβu )}2
≡ y˜′Su˜,
∂y˜′S
∂ρw
= −
δ
βw{1 − α(1 − ρuβu )}
≡ y˜′Sw˜.
͜͜Ͱ y˜′Su˜ͱ y˜
′
Sw˜ͷେখؔ܎Λௐ΂ΔͨΊʹɼҎԼͷΑ͏ʹ྆ऀͷൺΛܭࢉ͢Δ:
y˜′Su˜
y˜′Sw˜
=
α(1 − ρwβw )
1 − α(1 − ρuβu )
βw
βu
=
α
δ
βw
βu
y˜′S.
(37)
ࣜ (37)ΑΓɼy˜′Su˜/y˜
′
Sw˜ > 1͕ຬͨ͞ΕΔ࣌ɼρu͸ΑΓ y˜
′
SΛݮগͤ͞ΔޮՌ͕͋Δ͜ͱ͕෼͔Δɽ൓
ରʹ y˜′Su˜/y˜
′
Sw˜ < 1͕ຬͨ͞ΕΔ࣌ɼρw͸ΑΓ y˜
′
SΛݮগͤ͞ΔޮՌ͕͋Δɽຊ਺ཧϞσϧͰԾఆ͠
͍ͯΔ৚݅ 1 ≤ D < 2͕ຬͨ͞ΕΔ࣌ɼy˜S͸ y˜′Sͷ୯ௐ૿Ճؔ਺Ͱ͋Δɽ͕ͨͬͯ͠ɼࣜ (37)ΑΓɼ
಺ࡏੑͷࡉ๔ࢮͱࡉ๔ڝ߹ʹΑΔࡉ๔ࢮͷͲͪΒʹ༝དྷ͢Δ୅ঈੑ૿৩͕ΑΓ૊৫ͷӡ໋ (F )ʹ
Өڹ͢Δ͔͸ɼڥքͱ಺ࡏੑͷࡉ๔ࢮ཰ͷൺ (α/δ)ͱ׆ੑԽࡉ๔ͷෆ׆ੑԽ཰ͷൺ (βw/βu)ʹΑͬ
ܾͯఆ͞ΕΔ͜ͱ͕ࣔ͞Εͨɽ
࣮͸ɼݱ࣮ܥʹ͓͍ͯࡉ๔ڝ߹ʹΑΔڥքͰͷࡉ๔ࢮ͸಺ࡏੑͷࡉ๔ࢮΑΓݦஶʹ؍࡯͞ΕΔ
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ͱ͍͏݁Ռ͕ใࠂ͞Ε͍ͯΔ [17]ɽ͜ͷ؍࡯݁Ռ͸ δ ≫ αΛҙຯ͍ͯ͠ΔɽͦΕͧΕͷࡉ๔ࢮʹ
༝དྷ͢Δ׆ੑԽࡉ๔ͷෆ׆ੑԽ཰ʹ͕ࠩͳ͍ͱ͢ΔͳΒ͹ (βu ≃ βw)ɼ্هͷ৚݅ΑΓ y˜′Su˜/y˜′Sw˜͸
y˜′S(< 1)ΑΓे෼খ͘͞ͳΔɽ͕ͨͬͯ͠ɼݱ࣮ܥʹ͓͚Δมҟࡉ๔ʹಇ͘ࡉ๔ڝ߹༝དྷͷ୅ঈੑ૿
৩͸಺ࡏੑͷࡉ๔ࢮʹىҼ͢Δ΋ͷʹൺ΂ɼ૊৫ͷӡ໋ʹΑΓେ͖ͳӨڹΛ༩͑ΔՄೳੑ͕͋Δɽ
3.4 ਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩ͷ໾ׂ
͜Ε·ͰͷղੳʹΑΓɼਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩ͷ૿৩ဏਐ཰ (ρv)͸૊৫ͷӡ໋ʹӨڹ͠ͳ͍
͜ͱ͕ࣔ͞Εͨɽ͠ ͔͠ɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷڥքͰಇ͘୅ঈੑ૿৩͸ɼਖ਼ৗࡉ๔ʹ༗རʹಇ͘ͱ
͍͏࣮ݧܥͷใࠂ͕ෳ਺ͳ͞Ε͓ͯΓɼຊ࿦จͷཧ࿦ͷղੳ݁Ռͱໃ६͢ΔΑ͏ʹࢥ͑Δ [23,36]ɽ
ྫ͑͹ɼڥքʹ͓͍ͯࡉ๔ࢮʹΑΓεϖʔε͕ۭ͍ͨ࣌ɼదԠ౓ͷߴ͍ࡉ๔͕దԠ౓ͷ௿͍ࡉ๔ʹ
ൺ΂ͯૉૣ͘ΛຒΊ͍ͯΔͱ͍͏ݚڀ݁Ռ͕͋Δ [35]ɽ͜ͷ࠶഑ஔ͸దԠ౓ͷߴ͍ࡉ๔ूஂͷ֦
େΛଅਐ͢Δ΋ͷͰ͋Δɽ࣮͸ɼ͜͏ͨ͠ઌߦݚڀͷ݁Ռͱຊݚڀͷ݁Ռ͸ࢹ఺͕ҟͳΔ͚ͩͰ
ໃ६͍ͯ͠ͳ͍ɽ͢ͳΘͪɼຊݚڀͰ͸૊৫͕׬੒ͨ͠࠷ऴঢ়ଶʹ஫໨͍ͯ͠Δͷʹରͯ͠ɼઌ
ߦݚڀͰ͸૊৫ͷܗ੒଎౓ʹ஫໨͍ͯ͠ΔͷͰ͋Δɽͦ͜Ͱɼਖ਼ৗࡉ๔ʹର͢Δ୅ঈੑ૿৩͕૊
৫ͷܗ੒଎౓ʹ༩͑ΔӨڹʹ͍ͭͯɼCDIPϞσϧΛ༻͍ͨղੳΛࢼΈͨɽղੳͰ͸૊৫ͷ׬੒ʹ
ඞཁͳ࣌ؒ τdevͷਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩ͷ૿৩ဏਐ཰ (ρv)΁ͷґଘੑΛγϛϡϨʔγϣϯʹ
Αͬͯௐ΂ͨɽͦͷ݁Ռɼॳظͷࡉ๔਺ʹؔΘΒͣɼτdev͸ ρv͕େ͖͘ͳΔʹͭΕͯݮগͨ͠ (ਤ
18)ɽ͜ͷ݁Ռ͸ਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩ͷڧ͕͞େ͖͍΄Ͳɼ૊৫͕׬੒͢ΔͨΊʹඞཁͳ࣌
͕ؒ୹͘ͳΔ͜ͱΛ͍ࣔͯ͠Δɽ͕ͨͬͯ͠ɼຊݚڀͰߏஙͨ͠CDIPϞσϧ͸ઌߦݚڀͱໃ६͠
ͳ͍ [23, 35, 36]ɽ
3.5 ݁࿦
ຊষͰ͸ɼ2ষͰߏஙͨ͠ CCϞσϧΛجʹͯ͠ɼࡉ๔ࢮͱͦΕʹΑΔ୅ঈੑ૿৩Λཅʹද͢਺
ཧϞσϧͰ͋Δ CDIPϞσϧΛߏஙͨ͠ɽ਺ཧϞσϧͷղੳͷ݁Ռɼਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩
͸૊৫ͷӡ໋Λࠨӈ͠ͳ͍͕ɼ૊৫ͷܗ੒ʹཁ͢Δ࣌ؒΛ୹ॖ͢Δ͜ͱ͕ࣔ͞ΕͨɽҰํɼมҟ
ࡉ๔ʹಇ͘୅ঈੑ૿৩͸ɼ಺ࡏࢮʹ༝དྷ͢Δ΋ͷ΋ࡉ๔ڝ߹ʹ༝དྷ͢Δ΋ͷ΋ɼ૊৫ͷӡ໋ʹӨ
ڹΛٴ΅͠ɼมҟࡉ๔ͷੜଘΛଅਐ͢Δ͜ͱ͕໌Β͔ʹͳͬͨɽ׆ੑԽࡉ๔ͷࡉ๔਺͕ฏߧঢ়ଶ
Ͱ͋Δ͜ͱΛԾఆͨۙ͠ࣅϞσϧͰ͋Δॖ໿ܕ CDIPϞσϧ΍ɼมҟࡉ๔ͷେ൒͕ࡉ๔ڝ߹༝དྷ
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ਤ 18: ૊৫׬੒ʹඞཁͳ࣌ؒ τdevͷਖ਼ৗࡉ๔ʹಇ͘୅ঈੑ૿৩ͷύϥϝʔλ ρv΁ͷґଘੑɽCDIP
Ϟσϧʹ͓͍ͯɼτdev͸૊৫αΠζ x˜ + y˜͕ 0͔Β 0.95(=૊৫αΠζͷ 95%)ʹ౸ୡ͢Δͷʹཁ
ͨ࣌ؒ͠ͱͨ͠ɽؙɼࡾ֯ɼ࢛֯ͷϓϩοτ͸ͦΕͧΕॳظ஋ (x˜0, y˜0) = (2300/30000, 50/30000),
(x˜0, y˜0) = (2150/30000, 200/30000), (x˜0, y˜0) = (2000/30000, 350/30000)͔Β࢝Ίͨ৔߹ͷγϛϡ
Ϩʔγϣϯ݁ՌΛද͍ͯ͠Δɽࠇͷ௚ઢ͸มҟࡉ๔͕ଘࡏ͠ͳ͍৔߹ (((x˜0, y˜0) = (2350/30000, 0)))
ͷγϛϡϨʔγϣϯ݁ՌͰ͋Δɽॳظ஋ΛݟΔͱ෼͔ΔΑ͏ʹɼγϛϡϨʔγϣϯʹ͓͍ͯॳ
ظͷ૊৫αΠζ x˜ + y˜͸౳͘͠ઃఆͨ͠ɽύϥϝʔλ͸ α = 0.1, δ = 0.1, βu = βv/2 = βw/2 = 5/6,
ρx = ρu = ρw = 1, ζu = ζv/2 = ζw/2 = 1/6, D = 1ͱͨ͠ɽจݙ [44]ΑΓసࡌɽ
ͷ୅ঈੑ૿৩ʹΑΓ׆ੑԽ͍ͯ͠Δͱ͍͏ۃ୺ͳঢ়گʹ͓͚ΔۙࣅϞσϧͰ͋Δॖ໿ܕ CDIP’Ϟ
σϧΛద༻͢Δ͜ͱͰɼ্هͷ݁Ռ͸ղੳղ͔Β΋ূ໌͢Δ͜ͱ͕Ͱ͖ͨɽ
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ୈ4ষ ϙϐϡϨʔγϣϯϞσϧͷଥ౰ੑͷཻࢠϞ
σϧΛ༻͍ͨݕ౼
ୈ 2ɼ3ষͰ͸ϙϐϡϨʔγϣϯϞσϧΛجʹͨ͠਺ཧϞσϧΛ༻͍ͯࡉ๔ڝ߹Λܦͨ૊৫ͷӡ
໋ʹ͍ͭͯղੳΛߦͬͨɽ͜ΕΒͷ਺ཧϞσϧʹ͓͍ͯɼਖ਼ৗࡉ๔ूஂͱมҟࡉ๔ूஂͷڥքͷ
ܗঢ়ͷෳࡶੑ͸ύϥϝʔλ DʹΑͬͯߟྀ͞Ε͍ͯΔɽ͔͠͠ɼ͜Ε͸ۭؒతͳӨڹΛ؆୯Խ͠
ͨ΋ͷͰ͋ΔͨΊɼࡉ๔ͷഉআ΍૿৩ʹ൐͏Ҡಈͷ݁Ռͱͯ͠ܗ੒͞ΕΔෳࡶͳڥքΛۙࣅͰ͖
͍ͯΔͷ͔͸ఆ͔Ͱ͸ͳ͍ɽͦ͜ͰɼຊষͰ͸ɼೋ࣍ݩۭؒʹࡉ๔Λཻࢠͱͯ͠഑ஔͨ͠਺ཧϞ
σϧΛߏங͠ɼγϛϡϨʔγϣϯʹΑͬͯਖ਼ৗࡉ๔ͱมҟࡉ๔ͷࡉ๔਺ͷμΠφϛΫεΛௐ΂Δ
͜ͱͰɼୈ 2ষ΍ୈ 3ষͷ݁ՌͱͷൺֱΛߦ͍ɼϙϐϡϨʔγϣϯϞσϧʹج͍ͮͨ਺ཧϞσϧ
ͷଥ౰ੑΛٞ࿦͢Δ [32, 44]ɽ
4.1 ਺ཧϞσϧ
ຊষͰ͸ೋ࣍ݩۭؒʹ഑ஔͨ͠ҰͭҰͭͷࡉ๔Λهड़͢ΔͨΊʹɼཻࢠ๏ͱݺ͹ΕΔख๏Λ༻
͍ͨ (ཻࢠϞσϧ)ɽ͜ͷख๏ʹ͓͍ͯɼࡉ๔͸ೋ࣍ݩฏ໘্ͷ൒ܘ Rpͷཻࢠͱͯ͠ද͞ΕΔ (ਤ
19A) [31]ɽཻࢠ͸ϥϯμϜʹӡಈ͠ɼ֬཰తʹࡉ๔෼྾Λى͜͢΋ͷͱ͢Δɽ͞Βʹɼਖ਼ৗࡉ๔
ʹྡ઀ͨ͠มҟࡉ๔͸֬཰తʹഉআ͞ΕΔɽҎԼʹɼ͜ΕΒͷઃఆͷৄࡉʹ͍ͭͯड़΂Δɽ
4.1.1 ࡉ๔ͷӡಈํఔࣜ
ࡉ๔෼྾΍ࡉ๔ࢮʹ൐͏ཻࢠͷ࠶഑ஔ͸ɼཻࢠͷӡಈʹΑͬͯߦΘΕΔɽݱ࣮ܥͷൃੜաఔʹ
͓͍ͯɼ૊৫Λߏ੒͢Δ֤ࡉ๔͸׬શʹఀࢭ͍ͯ͠ΔΘ͚Ͱ͸ͳ͍ɽͦΕΒ͸ࡉ๔෼྾΍ࡉ๔ࢮ
ͷӨڹΛड͚ɼઈ͑ͣҐஔΛมԽͤ͞ଓ͚͍ͯΔɽ͜Εͷ࠶഑ஔΛ࣮ݱ͢Δʹ͸ɼ֤ࡉ๔͕ΏΒ͗
Λ࣋ͭඞཁ͕͋Δɽͦ͜Ͱɼཻࢠ i͸ϗϫΠτΨ΢γΞϯϊΠζͰදͨ͠ΏΒ͗ Ξi(t)Λۦಈྗͱ
͍ͯ࣋ͬͯ͠Δͱͨ͠ɽՃ͑ͯɼཻࢠ i͸पғͷཻࢠ j͔Β෼ࢠؒྗʹࣅͨྗֶతͳ૬ޓ࡞༻ Hi j
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ਤ 19: ཻࢠϞσϧͷ֓೦ਤɽA ࡉ๔͸ཻࢠͰද͞ΕΔɽA ྗֶత૬ޓ࡞༻ؔ਺ Hi j. C ਖ਼ৗࡉ
๔ (྘)ͱมҟࡉ๔ (Ϛθϯμ)ͷॳظ഑ஔɽγϛϡϨʔγϣϯʹ͓͍ͯɼΏΒ͗ Ξi ͷڧ͞ɼ͢
ͳΘͪΨ΢ε෼෍ͷ෼ࢄ͸ 40ʹઃఆͨ͠ɽͦͷଞͷύϥϝʔλ͸ Rp = 20, η = 1, cp = 100000,
Rc = 2Rp = 40, k = 10, Ee = 2.5ͱͨ͠ɽจݙ [32]ΑΓసࡌɽ
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Λड͚ΔɽҎ্ΑΓɼ࣭ྔ Miͷཻࢠ iͷӡಈํఔࣜ͸ҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δ [59, 60]:
Mi
dVi
dt
= Ξi(t) +
∑
j!i
Hi j − ηVi. (38)
͜͜Ͱ Vi͸଎౓ɼη͸ཻࢠ iͷ఍߅܎਺Λද͍ͯ͠ΔɽຊݚڀͰ͸೪ੑࢧ഑ͷྖҬΛԾఆ͢Δ͜
ͱͰɼࣜ (38)ͷࠨลΛ 0ͱͨ͠ɽ
ཻࢠ iͱ jͷ૬ޓ࡞༻ؔ਺ Hi j͸ҎԼͷΑ͏ʹఆٛ͞ΕΔ:
Hi j(Ri j) = cp
⎛⎜⎜⎜⎜⎜⎜⎝ R2cR3i j − RcR2i j
⎞⎟⎟⎟⎟⎟⎟⎠ exp (Ri jRc
) X j − Xi
Ri j
.
͜͜Ͱ cp͸૬ޓ࡞༻܎਺Ͱ͋ΔɽҐஔϕΫτϧ Xi͸ཻࢠ iͷҐஔΛද͓ͯ͠Γɼཻࢠ iͱ jͷڑ
཭͸ Ri j = |X j − Xi|Ͱද͞ΕΔ (ਤ 19A)ɽ͜ͷ૬ޓ࡞༻͸ཻࢠؒͷڑ཭ Ri jͱᮢ஋ Rc (= 2Rp)ͷେ
খؔ܎ʹΑͬͯਅٯʹಇ͘ (ਤ 19B)ɽRi j < Rcͷ࣌ɼཻࢠʹ͸ޓ͍ΛҾ͖཭͢ํ޲ͷྗ͕ಇ͘ɽ͜
Ε͸ࡉ๔ಉ͕͖࢜ۙͮ͗͢Δͱɼ͓ޓ͍ʹ෺ཧతʹԡ͠ͷ͚߹͏ഉআମੵޮՌΛද͍ͯ͠ΔɽҰ
ํɼRi j > Rcͷ࣌ɼཻࢠʹ͸͓ޓ͍ΛҾ͖Αͤ߹͏ྗ͕ಇ͘ɽ͜Ε͸ྡ઀ͨ͠ࡉ๔ಉ࢜ͷ৳͹ͨ͠
Ծ଍͕઀ண͢Δ͜ͱͰɼࡉ๔ಉ࢜ΛҾ͖دͤ߹͏࡞༻Λද͍ͯ͠Δɽ͕ͨͬͯ͠ɼ͜ͷ࡞༻͸ԕڑ
཭·Ͱಧ͘΋ͷͰ͸ͳ͘ɼ͓͓Αཻͦࢠͷ൒ܘఔ౓ͷڑ཭Ͱݮਰ͢Δؔ਺ͱͳ͍ͬͯΔ (ਤ 19B)1ɽ
γϛϡϨʔγϣϯ͸ਖ਼ৗࡉ๔Λදཻ͢ࢠ͕มҟࡉ๔Λදཻ͢ࢠΛऔΓғΜͰ͍Δঢ়ଶ͔Β։࢝͠
(ਤ 19C)ɼࠁΈ෯ ∆τ = 0.01ͷΦΠϥʔ๏Ͱߦͬͨɽ
4.1.2 ࡉ๔෼྾ͱഉআ
ࡉ๔෼྾͸ kஈ֊ͷϙΞιϯաఔΛܦͯൃੜ͢ΔͱԾఆͨ͠ɽ͜ͷ࣌ɼҰͭҰͭͷϙΞιϯաఔ
͸ظ଴஋͕ λdͰ͋Γɼࡉ๔෼྾ʹؔΘΔੜԽֶ൓ԠͷൃੜΛද͍ͯ͠Δɽ͜ͷ kஈ֊ͷϙΞιϯ
աఔͷҰஈ֊͸ɼ୯Ґεςοϓ͋ͨΓ Pd = λd∆τͷ֬཰Ͱਐߦ͢Δɽͨͩ͠ɼॳظʹԿஈ֊໨·Ͱ
ஈ֊͕ਐΜͰ͍Δ͔͸ɼ֤ࡉ๔͝ͱʹϥϯμϜʹܾఆͨ͠ɽγϛϡϨʔγϣϯʹ͓͍ͯࡉ๔෼྾
͸ɼ່ࡉ๔Λ฼ࡉ๔ͷपғʹϥϯμϜʹੜΈग़͢͜ͱͰදݱͨ͠ɽҰํɼมҟࡉ๔ͷഉআ͸Ұஈ
֊ͷϙΞιϯաఔͰදͨ͠ɽͦͷͨΊɼਖ਼ৗࡉ๔ʹྡ઀ͨ͠มҟࡉ๔͸୯Ґ࣌ؒ౰ͨΓ Pe = λe∆τ
ͷ֬཰Ͱফ໓͢Δɽ
1͜ͷؔ਺Ͱ΋ݫີʹ͸ඍখͳ૬ޓ࡞༻͕ແݶԕʹ·Ͱಇ͍ͯ͠·͏ɽͦ͜Ͱɼ2Ri j(ࡉ๔ೋͭ෼)Ҏ্ͷڑ཭ʹಇ͘
Hi j ͷେ͖͞Λ 0ͱͨ͠ɽ
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4.1.3 ϙϐϡϨʔγϣϯϞσϧͱཻࢠϞσϧͷύϥϝʔλΛରԠͤ͞Δ
ϙϐϡϨʔγϣϯϞσϧ (ࣜ (1))ʹ͓͚Δࡉ๔͕গ਺ͷ࣌ͷ૿৩཰ r͸ҎԼͷΑ͏ʹܭࢉ͢Δ͜
ͱ͕Ͱ͖Δ:
Td =
loge 2
r
,
͜͜Ͱ Td͸ɼࡉ๔਺͕ࢦ਺૿Ճ͍ͯ͠Δࡍͷࡉ๔਺͕ 2ഒʹͳΔपظͰ͋ΔɽΏΒ͕͗ͳ͍ͱ͢
ΔͳΒ͹ɼ͜ͷ Td͸ࡉ๔ͷ෼྾पظͱ౳͍͠ɽҰํɼࡉ๔਺ͷ੒௕ʹ্ݶ͕͋Δ (ࡉ๔਺ = KͰ
૿৩͕ఀࢭ͢Δ)࣌ɼपظ To͸ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
To =
loge 2
r(1 − xK )
. (39)
§4.1.2Ͱड़΂ͨࡉ๔෼྾Ͱ͸ɼपظ T ͸Ξʔϥϯ෼෍ʹै͏2ɽ͕ͨͬͯ͠ɼT ͷฏۉ͸ k/λd ͱ
ͳΓɼ෼ࢄ͸ k/λ2dͱͳΔɽશͯͷࡉ๔ͷࡉ๔पظ͕౳͘͠ Toͷ࣌ (͢ͳΘͪɼT ͕ै͏෼෍ͷ෼
ࢄ͕ 0)ɼTo = k/λdͱͳΔɽ͜͜Ͱ To = k/λdͷؔ܎ࣜΛ༻͍Δͱ෼ࢄ͸ k/λ2d = T
2
o/kͱදͤΔͨ
Ίɼk → ∞ͱ͢Δ͜ͱͰɼࡉ๔ूஂͷࡉ๔पظͷ෼ࢄ͸ 0ͱͳΔɽ͕ͨͬͯ͠ɼk͕े෼ʹେ͖
͍࣌ɼࡉ๔पظ͸ࣜ (39)Ͱද͢͜ͱ͕Ͱ͖ΔɽҎ্ΑΓɼຊݚڀͰ͸ k͕े෼ʹେ͖͍ͱԾఆ͠ɼ
To = k/λdͱࣜ (39)Λ༻͍Δ͜ͱͰ3ɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩཰ύϥϝʔλ λxͱ λy͸ҎԼͷ
Α͏ʹۙࣅͨ͠:
λx ≃ rxkloge 2
(
1 − x + axy
Kx
)
,
λy ≃ rykloge 2
(
1 − y + ayx
Ky
)
.
(40)
͜ͷࣜ͸ࡉ๔෼྾ͷͨΊʹఆٛͨࣜ͠Ͱ͋Δ͕ɼ͜͜Ͱ λx, λy < 0ͷ࣌ɼ಺ࡏੑͷࡉ๔ࢮΛද͢͜
ͱ΋Ͱ͖Δɽ
ཻࢠϞσϧʹ͓͍ͯਖ਼ৗࡉ๔ूஂͱมҟࡉ๔ूஂͷڥքʹ͍Δมҟࡉ๔ͷ਺ Ne͸ɼൺྫ܎਺ αc
Λ༻͍͓͓ͯΑͦ Ne ∼ αcyD/2ͰܭࢉͰ͖Δ (Appendix §S4)ɽ͕ͨͬͯ͠ɼ୯Ґ࣌ؒ౰ͨΓʹڥք
Ͱഉআ͞ΕΔࡉ๔ͷ਺͸ൺྫఆ਺ λeΛ༻͍Δ͜ͱͰ λeNeͱද͢͜ͱ͕Ͱ͖Δɽͨͩ͠ɼਤ 19C
͔ΒಡΈऔΕΔΑ͏ʹɼ͍͔ͭ͘ͷਖ਼ৗࡉ๔͕Ұͭͷมҟࡉ๔ͱྡ઀͍ͯ͠Δ৔߹͕͋Δɽ͜ͷ
৔߹ɼഉআޮՌ͸ 2∼3ഒͱͳΔ (γϛϡϨʔγϣϯͰ͸͓͓Αͦͷ஋ͱͯ͠ Ee = 2.5ͱͨ͠)ɽҎ
2ଞஈ֊ϙΞιϯաఔͷ଴ͪ࣌ؒ͸ஈ֊਺ k ͱஈ֊ͷਐߦ֬཰ λd Λύϥϝʔλͱ͢ΔΨϯϚ෼෍ʹै͏ɽΨϯϚ෼
෍ͷύϥϝʔλ k͕੔਺ͷ࣌ɼΨϯϚ෼෍͸Ξʔϥϯ෼෍ͱҰக͢Δɽ
3λd = k/T0 = rk/ loge 2 · (1 − x/K)
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্ΑΓɼϙϐϡϨʔγϣϯϞσϧʹ͓͚Δมҟࡉ๔ͷഉআ߲ byyD/2ͱཻࢠϞσϧͷഉআ֬཰ λe͸
ҎԼͷؔ܎ࣜͰ݁͹ΕΔ:
λe =
by
αEe
.
4.1.4 ୅ঈੑ૿৩ͱ಺ࡏࢮ
CDIPϞσϧͱͷൺֱΛߦ͏ࡍʹ͸಺ࡏੑͷࡉ๔ࢮͱ୅ঈੑ૿৩Λৗʹߟ͑ͳ͚Ε͹ͳΒͳ͍ɽ
ͦ͜Ͱɼ಺ࡏੑͷࡉ๔ࢮ͸ཻ֤ࢠʹର͠ɼ୯Ґ࣌ؒ౰ͨΓ αͷ֬཰Ͱى͜Δͱͨ͠ɽ͜͜Ͱ CDIP
Ϟσϧͱͷൺֱͷࡍʹ͸৚݅Λ߹ΘͤΔͨΊʹɼࣜ (40)ͷܭࢉ݁Ռ͕ 0ະຬʹͳͬͨ࣌ʹɼλx΍
λyΛ 0ͱ͍ͯ͠Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽ಺ࡏੑ΋͘͠͸ࡉ๔ڝ߹ʹΑΔࡉ๔ࢮΛىͨ͜͠ࡉ
๔͸पғͷࡉ๔ͷ૿৩཰Λ޲্ͤ͞Δɽ͜ͷ࣌ɼपғͷࡉ๔ͷ૿৩཰͸ͦͷࡉ๔ͷछྨ΍ࡉ๔ࢮ
ͷ༝དྷʹ߹Θͤͯ ρu΍ ρvɼρwʹमਖ਼͞ΕΔ (ύϥϝʔλͷৄࡉʹ͍ͭͯ͸ §3.3.1Λࢀরͷ͜ͱ)ɽ
͜ΕΒͷ׆ੑԽͨ͠ࡉ๔͸୯Ґ࣌ؒ౰ͨΓ βuɼβvɼβwͷ֬཰ͰͦΕͧΕݩͷঢ়ଶ΁ͱ໭Δɽ
4.2 ݁Ռ
ຊষͰ͸ߏஙཻͨ͠ࢠϞσϧʹ͍ͭͯɼCCϞσϧͳΒͼʹ CDIPϞσϧͷ୅දతͳ݁Ռͱͷൺ
ֱΛߦͬͨɽ۩ମతʹ͸γϛϡϨʔγϣϯʹΑΓɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷࡉ๔਺Λ࣌ܥྻσʔλ
ͱͯ͠ه࿥ͨ͠ɼCCϞσϧ΍CDIPϞσϧͱಉ༷ͷ݁Ռ͕ಘΒΕ͍ͯΔ͔Λ͔֬Ίͨɽ·ͣɼCC
Ϟσϧͱͷൺֱʹ͍ͭͯड़΂ɼ࣍ʹ CDIPϞσϧͱͷൺֱʹ͍ͭͯड़΂Δɽ
4.2.1 CCϞσϧͱཻࢠϞσϧͷൺֱ
͸͡Ίʹ 1)ਖ਼ৗࡉ๔ͷ૿৩཰͕มҟࡉ๔ΑΓߴ͍ܥʹ͍ͭͯղੳΛߦͬͨɽਤ 20ʹ CCϞσϧ
ͱཻࢠϞσϧͷύϥϝʔλͷ஋Λ߹ΘͤͨγϛϡϨʔγϣϯͷ݁ՌΛࣔ͢ɽਤΑΓɼॳظͷࡉ๔
਺͕͍͔ͳΔ஋Ͱ΋ɼղ͸ۇ͔ʹΏΒ͗ͳ͕Β҆ఆฏߧ఺ S1ʹऩଋ͢Δ͜ͱ͕෼͔Δ (ਤ 20A)ɽ
͜ͷ݁Ռ͸ɼۭؒ഑ஔ΍֬཰తͳΏΒ͗ͷӨڹΛड͚ͳ͕Β΋ɼࡉ๔਺ͷมԽʹཻ͍ͭͯࢠϞσ
ϧ͸ CCϞσϧͷ݁Ռ (ਤ 8)ͱఆੑతʹಉ༷ͳ݁ՌΛࣔ͢͜ͱΛ͍ࣔͯ͠Δ (ਤ 20B)ɽ
࣍ʹ 2)ਖ਼ৗࡉ๔ͷ׬੒૊৫αΠζ͕มҟࡉ๔ΑΓখ͍͞ܥʹ͍ͭͯղੳΛߦͬͨɽਤ 21ʹ CC
ϞσϧͱཻࢠϞσϧͷύϥϝʔλͷ஋Λ߹ΘͤͨγϛϡϨʔγϣϯͷ݁ՌΛࣔ͢ɽॳظͷมҟࡉ
๔਺͕গ਺ͷ৔߹͸ղ͕҆ఆฏߧ఺ S1ʹऩଋ͓ͯ͠Γɼଟ਺ͷ৔߹͸҆ఆฏߧ఺Q2ͷ෇ۙʹऩ
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ਤ 20: ཻࢠϞσϧΛ༻͍ͨ૿৩཰͕௿͍มҟࡉ๔ͷഉআͷγϛϡϨʔγϣϯɽཻࢠ๏γϛϡϨʔ
γϣϯΛߦ͏͜ͱͰɼਖ਼ৗࡉ๔਺ xͱมҟࡉ๔਺ yͷ࣌ؒൃలΛखʹೖΕͨɽAͰ͸ɼ͜ΕΒ
ͷσʔλΛ x-y૬ฏ໘ਤʹϓϩοτ͠ɼBͰ͸࣌ؒͷؔ਺ͱͯ͠ϓϩοτͨ͠ɽύϥϝʔλ͸
rx = 0.1, ry = 0.085, ax = ay = 1, Kx = Ky = 500, by = 0.05ͱͨ͠ɽAγϛϡϨʔγϣϯ͸ͦΕͧ
Εॳظ஋ (x0, y0)=(100, 300), (100, 200), (80, 100), (60, 40), (200, 40)͔Β࢝ΊɼCCϞσϧʹΑͬ
ͯඳըͨ͠૬ฏ໘ਤʹيಓΛॏͶॻ͖ͨ͠ɽഁઢ͸ڥքʹ͍Δมҟࡉ๔਺ N = xͱͳΔۂઢͰ
͋Δɽ͕ͨͬͯ͠ɼ͜ͷۂઢΑΓ y࣠دΓͷྖҬͰ͸ڥքͷมҟࡉ๔਺ N = αcyD/2Λਖ਼ৗࡉ๔
਺ x͕Լճ͍ͬͯΔͨΊɼਖ਼ৗࡉ๔ूஂ͕มҟࡉ๔ूஂΛ׬શʹғΉ͜ͱ͕Ͱ͖ͳ͍ (Appendix
§S4)ɽBॳظ஋ (x0, y0)=(60, 40)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔਺ͷ࣌ؒൃలɽͦͷ
ଞͷදه͸ਤ 8ͱಉ༷Ͱ͋Δɽจݙ [32]ΑΓసࡌɽ
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ਤ 21: มҟࡉ๔ͷ׬੒૊৫αΠζ͕େ͖͍ܥʹ͓͚Δ૊৫ͷӡ໋ͷॳظঢ়ଶґଘੑͷཻࢠϞσϧ
Λ༻͍ͨγϛϡϨʔγϣϯɽAγϛϡϨʔγϣϯ͸ͦΕͧΕॳظ஋ (x0, y0)=(50, 100), (100, 50),
(100, 200), (300, 40), (100, 20)͔Β࢝ΊɼCCϞσϧʹΑͬͯඳըͨ͠૬ฏ໘ਤʹيಓΛॏͶॻ
͖ͨ͠ɽ(x0, y0)=(300, 40)ͱ (100, 20)͸҆ఆฏߧ఺ S1ʹऩଋ͠ɼͦͷଞʹؔͯ͠͸΋͏Ұͭͷ
҆ఆฏߧ఺Ͱ͋ΔQ2෇ۙʹऩଋ͍ͯ͠Δɽ࣮ࡍʹ͸ɼy͸Q2ΑΓ΍΍্ʹऩଋ͍ͯ͠ΔɽB,
Cॳظ஋ (x0, y0)=(100, 20)ͱ (100, 50)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔਺ͷ࣌ؒൃలɽ
จݙ [32]ΑΓసࡌɽ
ଋ͍ͯ͠Δ͜ͱ͕෼͔Δ (ਤ 21A)ɽ͜ͷࣄ͸ɼมҟࡉ๔͕গ਺ͷ৔߹͸૊৫͔ΒഉআͰ͖Δ͕ (ਤ
21B)ɼଟ਺ͷ৔߹͸ա૿৩͠ɼजᙾΛܗ੒͢ΔࣄΛҙຯ͍ͯ͠Δ (ਤ 21C)ɽ͕ͨͬͯ͠ɼ1)ͷܥ
ͱಉ༷ʹ 2)ͷܥʹ͍ͭͯ΋ CCϞσϧ (ਤ 10)ͱཻࢠϞσϧ͸ఆੑతʹಉ༷ͷ݁ՌΛࣔ͢͜ͱ͕ࣔ
ࠦ͞Εͨɽ
4.2.2 CDIPϞσϧͱཻࢠϞσϧͷൺֱ
CDIPϞσϧͱཻࢠϞσϧ (ਤ 22A)ͷൺֱʹؔͯ͠͸·ͣɼࡉ๔ڝ߹Λܦͨ૊৫ͷӡ໋ʹ͍ͭ
ͯ CDIPϞσϧͷ݁Ռ (ਤ 14, 15)ͱಉ༷ͷ݁Ռ͕ಘΒΕΔͷ͔Λௐࠪͨ͠ (ਤ 22B-D)ɽਤ 22Bʹ
CDIPϞσϧͱཻࢠϞσϧͷύϥϝʔλͷ஋Λ߹ΘͤͨγϛϡϨʔγϣϯͷ݁ՌΛ·ͱΊͨ΋ͷΛ
ࣔ͢ɽਤΑΓɼղͷڍಈ͕ॳظ஋ґଘੑͷڍಈΛ͍ࣔͯ͠Δ͜ͱ͕෼͔Δɽ͢ͳΘͪɼॳظͷม
ҟࡉ๔਺͕গͳ͍৔߹ʹ͸ͦΕΒ͸׬શʹഉআ͞Ε (ਤ 22B಺ͷيಓ cɼਤ 22C)ɼॳظͷมҟࡉ
๔਺͕ଟ͍৔߹ʹ͸ͦΕΒ͸ա૿৩Λى͜͢ (ਤ 22B಺ͷيಓ dɼਤ 22D)ɽ
࣍ʹɼ୅ঈੑ૿৩ʹΑΔ૿৩ဏਐ཰ΛมԽͤͨ࣌͞ͷӨڹʹ͍ͭͯղੳΛߦͬͨɽਤ 22Eʹม
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ҟࡉ๔ʹಇ͘୅ঈੑ૿৩ʹΑΔ૿৩ဏਐ཰ΛมԽͤͨ͞ࡍͷมҟࡉ๔਺ͷ࣌ؒมԽΛࣔͨ͠ɽਤΑ
Γɼ୅ঈੑ૿৩ʹΑΔ૿৩ဏਐ཰Λߴ͘͢Δ΄Ͳมҟࡉ๔Λ׬શʹഉআ͢Δͷʹඞཁͳ͕࣌ؒ௕
͘ͳΓ (y = 0ͱͳΔ࣌ͷ τͷ஋͕େ͖͘ͳ͍ͬͯΔ)ɼ࠷ऴతʹ͸ഉআ͕ෆՄೳͱͳΔ͜ͱ͕෼͔
Δ (ԫ྘ͷσʔλ͕୅ঈੑ૿৩ͷ૿৩ဏਐ཰͕࠷΋௿͘ɼࢵ͕࠷΋ߴ͍)ɽҎ্ͷ͜ͱ͔ΒɼCDIP
ϞσϧͱཻࢠϞσϧ͸ఆੑతʹಉ༷ͷ݁ՌΛࣔ͢ͱ͍͑Δɽ
4.3 ߟ࡯
§4.2ΑΓɼϙϐϡϨʔγϣϯϞσϧ͔ΒಘΒΕͨ݁ՌͱཻࢠϞσϧ͔ΒಘΒΕͨ݁Ռ͸ఆੑత
ʹಉ͡ͱ͍͑Δ͜ͱ͕෼͔ͬͨɽ͕ͨͬͯ͠ɼϙϐϡϨʔγϣϯϞσϧ͸ۭؒతͳ࡞༻ΛΑۙ͘ࣅ
͍ͯ͠Δ͜ͱ͕ࣔ͞ΕͨɽͦͷதͰ།ҰɼϙϐϡϨʔγϣϯϞσϧͱཻࢠϞσϧͰ໌֬ͳ͕ࠩ͋
Δͷ͕ɼCCϞσϧʹ͓͍ͯมҟࡉ๔͕ۦஞ͞Εͣʹա૿৩͢Δ৔߹Ͱ͋Δɽ͜ͷ࣌ɼCCϞσϧ
Ͱ͸ղ͸҆ఆฏߧ఺Q2ʹऩଋ͢Δ͕ɼཻࢠϞσϧ͸Q2͔Βۇ͔ʹ཭Εͨ఺ (0,Ky)΁޲͔͏ (ਤ
21A)ɽ૊৫αΠζ͕ਖ਼ৗͷ΋ͷΛ௒͑ɼมҟࡉ๔͕૊৫ͷେ൒Λ઎ΊΔͱ͍͏ఆੑతͳ݁Ռ͸ม
ΘΒͳ͍΋ͷͷɼೋͭͷ਺ཧϞσϧͷڍಈ͸Θ͔ͣʹҟͳ͍ͬͯΔͱݴ͑ΔͩΖ͏ɽ࣮͸͜ͷڍ
ಈͷࠩ͸ɼਖ਼ৗࡉ๔͕มҟࡉ๔ΛৗʹऔΓғΜͰ͍Δͱ͍͏CCϞσϧͷԾఆʹىҼ͢Δɽ͢ͳΘ
ͪɼมҟࡉ๔ͷࡉ๔਺͕े෼ʹ૿͑Δͱɼਖ਼ৗࡉ๔͸มҟࡉ๔ΛғΉ͜ͱ͕Ͱ͖ͳ͘ͳΔͷͰ͋
Δ (Appendix §S4,ਤ 21A಺ͷ఺ઢ)ɽਤ 21Aʹ͓͍ͯɼղيಓ͕఺ઢͱަΘͬͨลΓ͔Β૬ฏ໘
ਤͱҟͳΔڍಈΛ͍ࣔͯ͠Δͷ͸͜ͷͨΊͰ͋Δ4ɽ͜͜Ͱ஫ҙ͕ඞཁͳͷ͸ɼ͜ͷਖ਼ৗࡉ๔͕ม
ҟࡉ๔ΛऔΓғΊͳ͍ྖҬͷߟྀͷ༗ແ͕ɼมҟࡉ๔͕୯ಠͰҟৗʹେ͖ͳαΠζͷ૊৫Λܗ੒
͢Δͱ͍͏݁Ռʹ͸ӨڹΛ༩͑ͳ͍ͱ͍͏఺Ͱ͋ΔɽՃ͑ͯɼ͜ͷྖҬ͸ਖ਼ৗࡉ๔΍มҟࡉ๔ͷ
਺͕૿͑ΔʹͭΕɼશମ (x + y ≤ Kx)ʹରׂͯ͠߹ͱͯ͠͸͘͝ۇ͔ͳൣғͱͳΔɽ͕ͨͬͯ͠ɼ
ཻࢠϞσϧͰ૝ఆͨ͠ঢ়گͷۙࣅϞσϧͱͯ͠ɼCCϞσϧͱ CDIPϞσϧ͸े෼ͳଥ౰Ͱ͋Δͱ
ߟ͑ΒΕΔɽ
4.4 ݁࿦
ຊষͰ͸ୈ 2ɼ3ষͰߏஙͨ͠ϙϐϡϨʔγϣϯϞσϧʹج͍ͮͨ਺ཧϞσϧͷۭؒతͳӨڹͷ
ۙࣅͷଥ౰ੑΛݕূ͢ΔͨΊɼೋ࣍ݩฏ໘ঢ়ʹࡉ๔Λ഑ஔͨ͠਺ཧϞσϧΛ৽ͨʹߏஙͨ͠ɽγ
4yψϧΫϥΠϯ্Ͱ͸ม਺ yͷมԽ͸ 0ͱͳΓɼψϧΫϥΠϯΛڥʹ yͷมԽ͸ਖ਼ෛ͕ٯస͢Δɽ͕ͨͬͯ͠ɼϙ
ϐϡϨʔγϣϯϞσϧʹ͓͍ͯ͸ yͷ஋্͕ঢ͠ͳ͕Β yψϧΫϥΠϯΛ௒͑ɼ͞Βʹ্ঢ͠ଓ͚Δͱ͍͏ࣄ͸͋Γಘ
ͳ͍ɽ
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ਤ 22: ୅ঈੑ૿৩͕ࡉ๔ڝ߹ʹ༩͑ΔӨڹʹ͍ͭͯͷཻࢠϞσϧΛ༻͍ͨγϛϡϨʔγϣϯAγ
ϛϡϨʔγϣϯͷεφοϓγϣοτɽനͷ࿮Ͱғ·Εͨࡉ๔͸୅ঈੑ૿৩ʹΑͬͯ૿৩཰͕ဏਐ
͍ͯ͠ΔɽBγϛϡϨʔγϣϯ͸ͦΕͧΕॳظ஋ (x0, y0)=(100, 50), (200, 20)͔Β࢝ΊɼCDIP-2
ϞσϧʹΑͬͯඳըͨ͠૬ฏ໘ਤʹيಓΛॏͶॻ͖ͨ͠ɽC, D ॳظ஋ (x0, y0)=(100, 50)(c)ͱ
(200, 20)(d)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔਺ͷ࣌ؒൃలɽEมҟࡉ๔ʹಇ͘୅ঈੑ
૿৩ͷύϥϝʔλ ρwͷࡉ๔਺ͷಈଶ΁ͷӨڹɽ֤يಓ͸֤ ρwʹ͓͚Δมҟࡉ๔਺ͷ࣌ؒൃల
ͷ༷ࢠΛ͍ࣔͯ͠Δɽॳظ஋͸ (x0, y0) = (200, 20)ʹݻఆ͠ɼρwΛ 1 (ԫ྘), 1.5 (੺), 2 (੨), 2.5
(྘), 3 (ࢵ)ʹઃఆͯ͠γϛϡϨʔγϣϯΛߦͬͨɽͦͷଞͷύϥϝʔλ͸α = 0.1, δ = 1.0, ρx = 1,
ρu = ρv = 1ʹݻఆͨ͠ɽจݙ [44]ΑΓసࡌɽC, DͷγϛϡϨʔγϣϯʹ͍ͭͯ͸ɼγϛϡϨʔ
γϣϯͷಈըΛ https://doi.org/10.1016/j.mbs.2019.108241ΑΓμ΢ϯϩʔυ͢Δ͜ͱ͕Ͱ͖Δɽ
ϛϡϨʔγϣϯͷ݁Ռɼ͜Ε·Ͱͷ CCϞσϧ΍ CDIPϞσϧ͔ΒಘΒΕ͍ͯͨ݁ՌͱɼຊষͰߏ
ஙͨ͠਺ཧϞσϧ͔ΒಘΒΕ͍ͯͨ݁Ռ͸ఆੑతʹҰக͍ͯͨ͠ɽͦͷͨΊɼຊ࿦จୈ 2ষ͓Α
ͼୈ 3ষͰఏҊͨ͠Ϟσϧ͸ۭؒతͳӨڹΛྑۙ͘ࣅ͍ͯ͠Δͱ͍͑Δɽ
ཻࢠ๏ͷར఺͸ɼର৅ͱͳΔܥͷۭؒతͳ഑ஔΛͦͷ··هड़͢Δ͜ͱ͕Ͱ͖Δ͜ͱͰ͋Δɽͦ
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ͷ൓໘ɼࡉ๔਺ͷ࣌ܥྻσʔλΛه࿥͢Δͱ͍͏໨తʹରͯ͠ܭࢉෛՙ͕ॏ͗͢Δͱ͍͏ܽ఺͕
͋ΔɽҰํɼϙϐϡϨʔγϣϯϞσϧͷར఺͸ͦͷ؆қ͞Ͱ͋Δɽ͢ͳΘͪɼϙϐϡϨʔγϣϯϞ
σϧ͸ղੳతʹղ͘͜ͱ͕Մೳͳ৔߹΋ଟ͘ɼͦΕ͕ෆՄೳͰ΋਺஋ܭࢉʹ͓͚Δܭࢉྔ͸গͳ
ͯ͘ࡁΉɽ͕ͨͬͯ͠ɼ༷ʑͳࡉ๔ڝ߹ͷܥΛߟྀ͢ΔͨΊʹ޿ൣғͳύϥϝʔλ৚݅Λݕূ͢
Δ΂͖ຊݚڀͰ͸ɼಛʹϙϐϡϨʔγϣϯϞσϧ͕༗ޮͰ͋Δͱߟ͑ΒΕΔɽ
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ల๬
ຊݚڀͰ͸ϙϐϡϨʔγϣϯϞσϧΛ༻͍ͯࡉ๔ڝ߹ݱ৅Λแׅతʹཧղ͢Δ਺ཧϞσϧΛߏ
ஙͨ͠ɽCCϞσϧ͸ࡉ๔ڝ߹ݱ৅ΛѻͬͨੈքͰॳΊͯͷ਺ཧϞσϧͰ͋Δɽ͜ͷ਺ཧϞσϧ͸
ࡉ๔ڝ߹ݱ৅ͷแׅతͳཧղΛ໨తͱͯ͠ߏங͞Εɼ͜Ε·Ͱ࣮ݧܥͰใࠂ͞Εͨݱ৅ͷଟ͘ͷ
݁Ռͱໃ६͠ͳ͍ɽ͕ͨͬͯ͠ɼͦͷ໨త͸͓͓Αͦୡ੒͞Εͨͱߟ͑Β͑ΔɽҰํɼҰ෦ͷࡉ
๔ڝ߹ʹؔͯ͠͸औΓѻ͏ൣғ͔Βআ֎ͨ͠ɽͦΕ͸ਖ਼ৗࡉ๔͕มҟࡉ๔Λ૊৫͔Β෺ཧతʹԡ
͠ग़͢͜ͱͰഉআ͢ΔλΠϓͷࡉ๔ڝ߹Ͱ͋Δ [61]ɽ͜ͷλΠϓͷࡉ๔ڝ߹Ͱ͸ਖ਼ৗࡉ๔ͱมҟ
ࡉ๔ͷྗֶతͳ૬ޓ࡞༻Λߟ͑Δ͜ͱ͕ඇৗʹॏཁͰ͋Δɽ͜͏ͨ͠໰୊ʹऔΓ૊Ήͷ͸ϙϐϡ
ϨʔγϣϯϞσϧͰ͸೉͍͠ɽ͜ͷΑ͏ͳ໰୊ʹରͯ͠ɼҰݟ͢ΔͱόʔςοΫεϞσϧ͕࠷΋
ద͍ͯ͠ΔΑ͏ʹײ͡Δ͔΋͠Εͳ͍͕ɼόʔςοΫεϞσϧ͸ྡ઀ͨ͠ೋͭͷࡉ๔ͷࡉ๔ບΛ
ڞ༗ͷลͰද͍ͯ͠ΔͨΊ (ਤ 5)ɼԡ͠ग़͠Λߟྀ͢Δ͜ͱ͕೉͍͠1ɽͦ͜Ͱݱࡏɼຊ࿦จͷୈ 4
ষͰऔΓѻཻͬͨࢠϞσϧΛ 3࣍ݩʹ֦ுͯ͜͠ͷ໰୊ʹऔΓ૊ΜͰ͍Δɽ͜ͷ 3࣍ݩ֦ுϞσ
ϧ͸ࡉ๔ࠎ֨ͷڧ͞΍ج࣭ͱࡉ๔ͷ઀ணͷڧ͞Λύϥϝʔλͱؚͯ͠ΜͰ͍ΔͨΊɼ͜ΕΒͷཁ
Ҽ͕ͲͷΑ͏ͳόϥϯεʹͳΔ͜ͱͰมҟࡉ๔͕૊৫͔Βԡ͠ग़͞ΕΔͷ͔Λ໌Β͔ʹͰ͖ΔՄ
ೳੑ͕͋Δɽ
ຊ࿦จͰऔΓѻΘͳ͔ͬͨ΋ͷͱͯ͠ɼ਺ཧϞσϧͰಘΒΕͨ༧ଌΛ׆͔࣮ͨ͠ݧݚڀ͕ڍ͛
ΒΕΔɽCCϞσϧΛ༻͍Δͱྫ͑͹ɼॳظͷਖ਼ৗࡉ๔਺ͱมҟࡉ๔਺ͷ૊Έ߹ΘͤʹΑͬͯ૊৫
ͷӡ໋͕มΘΔܥͷଘࡏ΍ɼͦͷܥʹ͓͍ͯมҟࡉ๔ͷഉআʹࣦഊ͢Δͱ૊৫αΠζ͸ਖ਼ৗͳ΋
ͷʹൺ΂ͯංେԽͯ͠͠·͏ͱ͍͏Α͏ͳ͜ͱ͕༧ଌͰ͖Δ (ਤ 10)ɽݱࡏɼ͜ΕΒͷ༧ଌΛݩʹ
ఆྔతͳ࣮ݧΛڞಉݚڀऀͱਐΊ͍ͯΔͱ͜ΖͰ͋Γɼࡉ๔ڝ߹ʹ͍ͭͯͷ࣮ݧతͳཧղ͕ΑΓ
ਐΉ͜ͱ͕ظ଴Ͱ͖Δɽ
࠷ޙʹɼຊݚڀͷ੒Ռͷࡉ๔ڝ߹Ҏ֎ͷݚڀ΁ͷԠ༻Մೳੑʹ͍ͭͯٞ࿦͢Δɽຊݚڀͷ੒Ռ
ͷҰͭʹɼۭؒ಺ʹ 2छྨͷूஂ͕ଘࡏ͠ɼͦΕΒ͕ڥքʹ͓͍ͯ૬ޓ࡞༻͢Δܥʹ͍ͭͯɼۭؒ
13࣍ݩόʔςοΫεϞσϧ ( [62,63])ͳΒ͹ԡ͠ग़͠Λߟྀ͢Δ͜ͱ͕Ͱ͖ΔՄೳੑ͕͋Δɽ͔͠͠ɼͦͷ৔߹΋ 1
ࡉ๔͕૊৫͔Βൈ͚ग़ͨ͢Ίʹ͸ɼ࠷ॳ͸ྡ઀ͨ͠ࡉ๔ͱͷڥք໘Λڞ༗͍ͯͨ͠ͱ͜Ζ͔ΒɼͦΕͧΕͷ໘Λಠཱ͞
ͤΔ޻ఔ͕ඞཁͱͳΔɽ͜Ε͸طଘͷϞσϧͷઃఆʹ͸ଘࡏͤͣɼԡ͠ग़͠Λ࠶ݱ͢ΔͨΊͷಛघͳઃఆΛಋೖ͠ͳ͚
Ε͹ͳΒͳ͍ͱࢥΘΕΔɽ݁Ռͱͯ͠ɼ਺ཧϞσϧ͸ෳࡶʹͳͬͯ͠·͏ɽ
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Λͦͷ··දݱͨ͠਺ཧϞσϧΛ࢖༻͢Δ͜ͱͳ͘هड़͢Δ͜ͱ͕Ͱ͖ͨͱ͍͏΋ͷ͕͋Δɽ͜
͜Ͱ͍͏૬ޓ࡞༻͸ɼҰํͷूஂ͕΋͏ҰํͷूஂΛഉআ͢Δͱ͍͏ͷͰ͋Δɽ͜͏ͨ͠ܥ͕͋
Ε͹ɼࡉ๔ڝ߹Ҏ֎ͷݱ৅΋ຊ਺ཧϞσϧΛԠ༻͢Δ͜ͱͰɼղੳతʹऔΓѻ͏͜ͱ͕Ͱ͖ΔՄ
ೳੑ͕͋Δɽͦ͜ͰҎԼʹ͍͔ͭ͘ͷྫΛڍ͛ͯΈΔɽ
ࡉ๔ڝ߹ͱಉ͘͡ࡉ๔ूஂ΁ͷదԠͱͯ͠͸ɼྫ͑͹௎؅্ൽװࡉ๔ͷܥ͕ߟ͑ΒΕΔ [64]ɽ௎
؅্ൽͷӄᜰʹ͓͍ͯɼ௎؅্ൽװࡉ๔Ͱ͋Δ Crypt Columnar Cell(=CBC)ࡉ๔͸ɼۙ઀͢Δύ
ωʔτࡉ๔͔Βװࡉ๔Ͱ͋Δ͜ͱΛҡ࣋͢ΔͨΊʹඞཁͳҼࢠ (χονҼࢠ)Λड͚औΔ͜ͱͰɼװ
ࡉ๔ͱͯ͠ͷੑ࣭Λอ͍ͬͯΔɽӄᜰͰࡉ๔෼྾͢Δͷ͸ɼओʹװࡉ๔Ͱ͋Δ CBCࡉ๔Ͱ͋Δͨ
Ίɼࡉ๔෼྾ʹΑΓύωʔτࡉ๔͔Βͷڑ཭͕෺ཧతʹԕ͔ͬͨ͟ CBCࡉ๔͸෼Խ͢ΔɽҰํɼ
ԿΒ͔ͷཧ༝Ͱ CBCࡉ๔͕ࣦΘΕΔͱӄᜰఈ෦͔Β 4൪໨ͷࡉ๔ (+4ࡉ๔)্͕ड़ͷχονҼࢠ
Λड͚औΔ͜ͱͰ୤෼Խ͠ɼװࡉ๔ͱͳΔɽҎ্ΑΓɼӄᜰͰ͸ࡉ๔ूஂ͕χονҼࢠΛ८ͬͯ
ڝ߹͓ͯ͠Γɼύωʔτࡉ๔ʹ͍ۙͱ͍͏ۭؒతͳ഑ஔʹґଘͯ͠૿৩཰͕ٸ্ঢ͍ͯ͠Δ͜ͱ
͕෼͔Δ (൓ରʹɼύωʔτࡉ๔͔Β཭ΕΔͱ૿৩཰͸ 0ʹۙ͘ͳΔ)ɽ͜͏ͨ͠ঢ়گ͸װࡉ๔Λ
׆ੑԽࡉ๔ʹରԠͤ͞Δ͜ͱͰɼCDIPϞσϧͰߟྀͰ͖ΔՄೳੑ͕͋Δɽ͢ͳΘͪɼύωʔτࡉ
๔΍+4ࡉ๔Λࡉ๔छ X΍ Y ͱ͠ɼװࡉ๔ (CBCࡉ๔)Λ׆ੑԽࡉ๔ͱΈͳ͢͜ͱͰɼ͜ͷܥͷ਺
ֶతͳղੳ͕ՄೳͱͳΔ͜ͱ͕ظ଴͞ΕΔɽ
ࡉ๔ूஂͷܥҎ֎ʹ΋ɼຊݚڀͰߏஙͨ͠਺ཧϞσϧͷԠ༻͕ߟ͑ಘΔɽࡉ๔ूஂͷܥҎ֎ͷ
Ұͭ໨ͷྫͱͯ͠͸ɼόΫςϦΞͰ؍࡯͞ΕΔݱ৅͕ڍ͛ΒΕΔɽ͋ΔछͷόΫςϦΞूஂ͸ଞ
ͷόΫςϦΞूஂͱڞഓཆ͢Δͱɼ૿৩཰ͷ༏Ґੑ͔Βूஂͷڥքʹ͓͍ͯଞํͷόΫςϦΞू
ஂͷྖҬΛঃʑʹ৵৯͍ͯ͘͠ [65]ɽ͢ΘͳͪɼόΫςϦΞAͱόΫςϦΞ BͷूஂͷڥքͰ͸ɼ
࣌ʑࠁʑͱ B͕ Aʹஔ͖׵͑ΒΕ͍ͯ͘ͷͰ͋Δ2ɽ
ࡉ๔ूஂͷܥҎ֎ͷೋͭ໨ͷྫͱͯ͠ɼ২෺ͷපݪەʹର͢Δࣗݾ๷ӴػߏͰ͋Δશ਎֫ಘ఍
߅ੑ (Systemic Acquired Resistance = SAR) [66]ͷܥ͕ߟ͑ΒΕΔɽ২෺͸පݪମ͔Βͷ߈ܸΛड
͚Δͱɼײછ෦Ґपลͷࡉ๔Λࡉ๔ࢮͤ͞Δ͜ͱͰɼͦͷ૿৩Λ཈͑Δ (͜ͷ࣌ɼ২෺ͷ༿͸Ϟβ
ΠΫঢ়ʹୀ྘঱ঢ়ͱͳΔ)ɽ͜͏༷ͨ͠ࢠ͸ɼࡉ๔ڝ߹Ͱ؍࡯͞ΕΔ༷૬ͱࣅ௨͍ͬͯΔΑ͏ʹࢥ
ΘΕΔɽ
ࡉ๔ूஂͷܥҎ֎ͷࡾͭ໨ͷྫͱͯ͠͸ɼจԽͷ֦ࢄ౳ͷਓ͕ूஂΛܗ੒͢Δܥ͕ߟ͑ΒΕΔɽ
͜Ε·Ͱͷೋͭͷܥ͸ࡉ๔ڝ߹ͱൺֱత͍ۙεέʔϧͷݱ৅Λߟ͍͕͑ͯͨɼຊ਺ཧϞσϧ͸஫
2จݙ [65]Ͱ͸ɼ͜ΕΒͷόΫςϦΞͱɼόΫςϦΞ Bʹ͸ஔ͖׵͑ΒΕΔ͕όΫςϦΞ AΛࡴ͢͜ͱ͕Ͱ͖Δୈ
3ͷόΫςϦΞΛؚΊͨ 3छྨͷόΫςϦΞΛڞഓཆ͠ɼ࣮ݧͱཧ࿦ͷ྆໘͔Βٞ࿦͍ͯ͠Δɽ
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ҙਂ͘ύϥϝʔλΛ߹ΘͤΕ͹ɼҟͳΔεέʔϧͷ໰୊ʹ΋దԠ͠͏ΔͱࢥΘΕΔɽྫ͑͹ɼΞʔ
ϦΞਓ͸ࣗΒͷਆ࿩ʹ౔ணͷਆʑΛऔΓೖΕΔ͜ͱͰɼΠϯυʹ͓͍ͯঃʑʹώϯυΡʔڭͷ൛
ਤΛ޿͍͕͛ͯͬͨɼ͜ͷΑ͏ͳྫ͸ੈք֤஍ͷྺ࢙ͰݟΒΕΔ3ɽ͜͏ͨࣗ͠෼ͨͪͷจԽͱྡ
઀ͨ͠จԽΛऔΓࠐΜͰ͍༷͘ࢠʹ΋ɼຊ਺ཧϞσϧΛద༻Ͱ͖ΔՄೳੑ͕͋Δɽ
্هʹڍ͛ͨࡉ๔ूஂͷܥҎ֎ͷྫͷڞ௨఺͸ɼೋͭͷूஂͷؒʹ͸͖ͬΓͱڥք͕Ͱ͖Δͱ
͍͏఺ͱɼͦͷڥքʹ͓͍ͯͷ૬ޓ࡞༻͕ओʹܥΛࢧ഑͍ͯ͠Δͱ͍͏఺Ͱ͋Δɽैདྷɼ͜͏͠
ͨܥΛղੳ͢Δ৔߹ɼηϧΦʔτϚτϯͳͲͷۭؒΛ؆қతʹදݱͨ͠਺ཧϞσϧ͕༻͍ΒΕͯ
͖ͨɽ࣮ࡍɼҰͭ໨ͷόΫςϦΞͷྫͰ͸ɼηϧΦʔτϚτϯΛ༻͍࣮ͯݧ݁Ռͷઆ໌͕ࢼΈΒ
Ε͍ͯΔ [65]ɽ͔͠͠ɼຊߘͰંʹ৮Εͯड़΂ͨΑ͏ʹɼۭؒΛߟྀͨ͠਺ཧϞσϧ͸ܭࢉෛՙ
͕େ͖͘ɼղੳతʹղ͘͜ͱ΋ࠔ೉Ͱ͋Δɽͦ͜ͰɼCCϞσϧ΍ CDIPϞσϧΛ͜ΕΒͷܥʹద
༻͢Δ͜ͱͰɼܥͷੑ࣭Λଊ͑Δ͜ͱ΍໢ཏతʹύϥϝʔλͷӨڹΛղੳ͢Δ͜ͱ͕ՄೳʹͳΔ
ͱظ଴͞ΕΔɽ
3͜ͷྫ͸ɼۭؒʹޙൃతʹݱΕͨϚΠϊϦςΟूஂ͕ɼϚδϣϦςΟूஂΛۦஞ͠ɼ֦େ͍ͯ͘͠ͱ͍͏ߏਤʹͳͬ
͍ͯΔɽͦͷͨΊɼݫີʹ͸ຊݚڀͰओʹऔΓѻͬͨܥͱۦஞ͢Δऀɼ͞ΕΔऀͷؔ܎͕൓ରͰ͋Δɽ͔͠͠ɼ§1.1Ͱ
ड़΂ͨ Mycมҟࡉ๔ͷܥ (ਤ 1G-J)Ͱ͸ɼจԽͷ֦ࢄͷྫͱಉ༷ʹϚδϣϦςΟूஂͷதʹݱΕͨϚΠϊϦςΟूஂ͕
ϚδϣϦςΟूஂΛۦஞ͠ɼ֦େ͍ͯ͘͠ɽ͕ͨͬͯ͠ɼMycมҟࡉ๔ͷܥͷͨΊʹมܗͨ͠ CCϞσϧ (ࣜ (54))Λ༻
͍Δ͜ͱͰɼจԽͷ֦ࢄͷྫ͸ղੳ͠ಘΔͱࢥΘΕΔ (ࣜ (54)ͷৄࡉʹ͍ͭͯ͸ Appendix§S7ʹ͓͍ͯड़΂ͨ)ɽ
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ँࣙ
ຊ࿦จͷࣥචʹ͋ͨΓ͝ࢦಋɼ͝ฬᎪΛࣀΓ·ͨ͠ૣҴాେֶͷߴদರࢠڭतʹ৺ΑΓײँਃ
্͛͠·͢ɽࢦಋڭһͰ͋Δߴদڭतʹެࢲͱ΋ʹؾʹ͔͚͍͖ͯͨͩ·ͨ͠ɽ·ͨɼͳ͔ͳ͔
࿦จ͕ग़ͣʹ͝৺഑΋͓͔͚͍ͨ͠·ͨ͠ɽް͘ޚྱΛਃ্͛͠·͢ɽ
ૣҴాେֶͷؠ࡚ઌੜɼ಺ాઌੜɼ໦լઌੜʹ͸͝ଟ༻ͷதɼതֶ࢜Ґ࿦จͷ෭ࠪΛ୲౰ͯ͠
͍͖ͨͩ·ͨ͠ɽઌੜํʹ͸ଟ͘ͷ༗೉͍͝ॿݴΛ͍͖ͨͩ·ͨ͠ɽ͜͜ʹޚྱΛਃ্͛͠·͢ɽ
ژ౎େֶͷҪ֞ୡལڭतɼ໊ݹ԰େֶͷେᖒࢤ௡ߐڭतʹ΋େม͓ੈ࿩ʹͳΓ·ͨ͠ɽ͓ೋํ
͸ࡉ๔ڝ߹ͷ࣮ݧͷઐ໳ՈͰ͋Γɼ࣮ݧʹؔͯ͠͸ૉਓͰ͋Δࢲͷ͓ૈ຤ͳ࣭໰΍૬ஊʹ΋շ͘
͓౴͍͑ͩ͘͞·ͨ͠ɽՃ͑ͯɼ࣮ݧܥͷࢹ఺͔Βͷ͝ࢦఠ΋͍͖ͨͩ·ͨ͠ɽ͜ͷ࿦จ͕·ͱ
ΊΒΕͨͷ͸͓ೋਓͷ͓͔͛Ͱ͢ɽ৺ΑΓײँ͍ͨ͠·͢ɽ
ݚڀࣨੜ׆Ͱ͸ߴদݚڀࣨͷઌഐɼಉظɼͦͯ͠ޙഐʹࢧ͍͖͑ͯͨͩ·ͨ͠ɽ͜ͷ৔ΛआΓ
ͯײँਃ্͛͠·͢ɽ
࠷ޙʹɼ೔ࠒ͔ΒԠԉͯͩ͘͠͞ΓɼৗʹؼΔނڷΛ༻ҙͯͩͬͨ྆͘͠͞਌ʹײँ͍ͨ͠·͢ɽ
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Appendix
S1 ࡉ๔ࢮʹΑΔࡉ๔૿৩ͷఀࢭ
͜͜Ͱ͸ɼϙϐϡϨʔγϣϯϞσϧʹ͓͍ͯɼࡉ๔૿৩ͱࡉ๔ࢮͷ௼Γ߹͍ʹΑΓࡉ๔਺͕ฏ
ߧঢ়ଶʹͳΔ৔߹ʹ͍ͭͯߟ͑ͯΈΔɽࡉ๔਺ͷมԽ͸ϙϐϡϨʔγϣϯϞσϧΛ༻͍ͨ࠷΋୯
७ͳදݱͱͯ͠ɼҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
dx
dt
= rx − Dfun, (41)
͜͜Ͱɼx͸ࡉ๔ͷ਺ɺr͸૿৩཰ɼDfun ͸ࡉ๔ࢮʹΑΔ xͷݮগΛදؔ͢਺Ͱ͋Δɽࡉ๔ࢮؔ
਺ Dfun ʹ͍ͭͯɼ୯७ͳܗͱͯ͠͸ Dfun = dn ΍ Dfun = drx (dr < r)ͱ͢Δ͜ͱ͕ߟ͑ΒΕΔɽ
Dfun = dnͷ࣌ɼ୯Ґ࣌ؒ͋ͨΓҰఆ਺ dnͷ਺ͷࡉ๔͕ࡉ๔ࢮΛى͜͢ɽҰํɼDfun = drxͷ࣌ɼ
ࡉ๔͸୯Ґ࣌ؒ͋ͨΓ drͷׂ߹Ͱࡉ๔ࢮΛى͜͢ɽ͔͠͠ɼ͜ΕΒͷ৔߹ɼࣜ (41)͸҆ఆͳฏߧ
఺Λ࣋ͨͳ͍ਤ 1ɽ͢ͳΘͪɼࡉ๔਺ x͸૿Ճ͠ଓ͚Δ͔ɼݮগ͠ଓ͚ 0ʹͳΔͷͰ͋Δɽͨ͠
͕ͬͯɼ૊৫͕ਖ਼ৗͳαΠζʹͳͬͨ࣌ʹࡉ๔਺ xͷ૿ՃΛఀࢭͤ͞ΔͨΊʹ͸ɼxʹؔͯ͠ඇઢ
ܗͳؔ਺΍࣌ؒมԽ͢Δؔ਺Λಋೖ͢Δඞཁ͕͋Δɽ͜͏ͨ͠ΑΓෳࡶͳؔ਺ͷ৔߹ɼ࣮ݧͰ؍
࡯͞Ε͍ͯΔ݁Ռ͔ΒͦͷܗΛܾΊΔͷ͸೉͘͠ɼղੳతʹղ͘͜ͱ΋ࠔ೉ʹͳΔɽ
S2 LVϞσϧʹ͓͚Δ಺ࡏੑͷࡉ๔ࢮͷӨڹ
§2.1.3Ͱड़΂ͨ LVڝ߹ϞσϧͰ͸ɼ಺ࡏੑͷࡉ๔ࢮΛߟྀ͍ͯ͠ͳ͔ͬͨɽ͢ͳΘͪɼࣜ (2)
ʹ͸ͦΕͧΕͷࡉ๔਺ xͱ yʹൺྫͨ͠ݮগΛද͢ −dxxͱ −dyyؚ͕·Ε͍ͯͳ͔ͬͨɽ͜͜Ͱ
͸ɼ͜ΕΒͷ߲ͷӨڹʹ͍ͭͯٞ࿦͢Δɽࡉ๔ࢮ཰ dxͱ dyΛ༻͍ͯ಺ࡏੑͷࡉ๔ࢮΛ LVڝ߹Ϟ
σϧʹಋೖ͢ΔͱɼҎԼͷܗͰද͢͜ͱ͕Ͱ͖Δ:
dx
dt
= rx(1 − x + axyKx )x − dxx,
dy
dt
= ry(1 − y + ayxKy )y − dyy.
(42)
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ਤ 23: ࣜ (41)ͷ૬ฏ໘ਤɽനؙ͸ෆ҆ఆฏߧΛද͢ɽA Dfun = dnͷ૬ฏ໘ਤɽB Dfun = drxͷ
૬ฏ໘ਤɽύϥϝʔλ͸ r = 0.1, dn = 0.5, dr = 0.02ͱͨ͠ɽ
͜ͷࣜ͸ҎԼͷΑ͏ʹมܗ͢Δ͜ͱ͕Ͱ͖Δ:
dx
dt
= (rx − dx)(1 − x + axyKx(1 − dx/rx) )x = r
′
x(1 − x + axyK′x )x,
dy
dt
= (ry − dy)(1 − y + ayxKy(1 − dy/ry) )y = r
′
y(1 −
y + ayx
K′y
)y.
(43)
͜͜Ͱ r′x = rx − dx, r′y = ry − dy, K′x = Kx(1 − dx/rx), K′y = Ky(1 − dy/ry)Ͱ͋Δɽม਺ r′xͱ r′y͸ࡉ๔
ࢮ཰ʹΑͬͯิਖ਼͞Εͨ૿৩཰ΛɼK′xͱ K′y͸ࡉ๔ࢮ཰ʹΑͬͯิਖ਼͞Εͨ؀ڥऩ༰ྗΛͦΕͧ
Εද͢ɽࣜ (43)ΛݟΔͱɼݩʑͷ LVڝ߹Ϟσϧ (ࣜ (2))ͱಉ͡ܗʹͳ͍ͬͯΔ͜ͱ͕Θ͔Δɽ͠
͕ͨͬͯɼ಺ࡏੑͷࡉ๔ࢮΛߟྀͯ͠΋ɼLVڝ߹Ϟσϧͷຊ࣭͸มԽ͠ͳ͍ɽ
ಉ༷ʹɼCCϞσϧ (ࣜ (4))͸಺ࡏੑͷࡉ๔ࢮΛߟྀ͢Δ͜ͱͰҎԼͷΑ͏ʹมܗ͞ΕΔ:
dx
dt
= r′x(1 − x + axyK′x )x,
dy
dt
= r′y(1 −
y + ayx
K′y
)y − byyD/2.
(44)
ࣜ (44)͸ݩʑͷ CCϞσϧ (ࣜ (4))ͱಉ͡ܗΛ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͕ͨͬͯ͠ɼࡉ๔ڝ߹ͷ݁
Ռ͸ K′xͱ K′yͷൺͱ byʹΑܾͬͯఆ͞ΕΔɽ͜͜Ͱ K′x͓Αͼ K′yʹ͸૿৩཰ rxͱ ryؚ͕·Εͯ
͍Δ͜ͱΛࢥ͍ग़͢ͱɼҰݟɼࡉ๔ڝ߹ͷ݁Ռʹࡉ๔ؒͷ૿৩଎౓ͷ͕ࠩӨڹ͍ͯ͠ΔΑ͏ʹΈ
͑Δɽ͔͠͠ɼຊݚڀʹ͓͍ͯ K′xͱ K′y͸׬੒૊৫αΠζ (૊৫׬੒࣌ͷࡉ๔਺)ΑΓܾఆ͞ΕΔɽ
78
ͦͷͨΊɼͦͷ K′xͱ K′yͷൺ͸ rxͱ ryʹΑͬͯࠨӈ͞Εͳ͍1ɽ
S3 γϣ΢δϣ΢όΤ্ൽ૊৫ͷϩδεςΟοΫ੒௕
ൃੜաఔʹ͓͚Δ૊৫͸ࡉ๔ͷ૿৩ʹΑͬͯ੒௕͢ΔͨΊɼൃੜॳظʹ͓͚Δ૊৫αΠζͷ૿
Ճ͸ࢦ਺ؔ਺ʹै͏ɽҰํɼ૊৫͕׬੒ʹۙͮ͘ͱɼ૊৫ͷ੒௕଎౓͸ݮগ͠ɼ࠷ऴతʹ͸ఀࢭ
͢Δɽઌߦݚڀ [1]ʹ͓͍ͯɼγϣ΢δϣ΢όΤͷ੒஬ᠯݪجΛ༻্͍ͨൽ૊৫ͷ੒௕ͷఆྔσʔ
λ͕ใࠂ͞Ε͍ͯΔɽਤ 24ʹɼઌߦݚڀʹ͓͍ͯใࠂ͞Εͨ૊৫ͷ੒௕աఔΛࣔ͢ɽਤΑΓɼϩ
δεςΟοΫํఔࣜ (ࣜ (1))Λ༻͍Δ͜ͱͰɼσʔλͷେ൒Λઆ໌͢Δ͜ͱ͕Ͱ͖Δ͜ͱ͕෼͔Δɽ
ΑΓఆྔతͳղੳͷͨΊʹ͸ɼҎԼʹࣔ͢Α͏ͳඇઢܗͷ੒௕ؔ਺Λߟ͑Δඞཁ͕͋ΔՄೳੑ
͕͋Δ [2]:
dx
dt
= r{1 − ( x
K
)θ}x, (45)
͜͜Ͱ θ͸੒௕ؔ਺ͷඇઢܗੑΛද͢ύϥϝʔλͰ͋Γɼθ = 1ͷ࣌ʹ͸ࣜ (1)ͱҰக͢Δɽ͜ͷ
ํఔࣜΛ༻͍Δ͜ͱͰɼΑΓσʔλΛઆ໌ग़དྷΔՄೳੑ͸͋Δɽ͔͠͠ɼύϥϝʔλ਺ͷ૿Ճͱ
ඇઢܗੑʹΑΓ਺ཧϞσϧΛղੳతʹऔΓѻ͏͜ͱ͕ࠔ೉ͱͳΔɽຊ࿦จͷ໨తͰ͋Δࡉ๔ڝ߹
ͷแׅతͳཧղͷͨΊʹ͸ɼ਺ཧϞσϧΛ༻͍ͯࡉ๔ڝ߹ͷੑ࣭Λଊ͑Δ͜ͱ͕ඞཁͰ͋Δɽͦ
ͷͨΊʹ͸ղੳతʹऔΓѻ͏͜ͱ͕ՄೳͰ͋Δ͜ͱ͕๬·͍͠ɽΑͬͯɼຊݚڀͰ͸ࣜ (45)Ͱ͸
ͳࣜ͘ (1)Λ༻͍ͨɽ
S4 Xͷ਺͕গ਺ͷ࣌ͷ਺ཧϞσϧɿԁॆర໰୊
ࡉ๔ Xͷࡉ๔਺͕গ਺ա͗Δ࣌ɼࡉ๔ Xूஂ͸ YूஂΛ׬શʹғΉ͜ͱ͕Ͱ͖ͳ͍ (ਤ 25)ɽ͜
ͷ࣌ɼXࡉ๔͸શͯ Y ࡉ๔ʹྡ઀͢ΔΑ͏ʹͳΔ͜ͱ͕૝૾Ͱ͖ΔɽͦͷͨΊɼมҟࡉ๔ͷഉআ
਺͸ Xࡉ๔ͷ਺ʹൺྫ͢ΔΑ͏ʹͳΔ (−byx)ͱߟ͑ΒΕΔɽҎ্ΑΓɼyʹ͍ͭͯͷํఔࣜ͸Ҏ
ԼͷΑ͏ʹमਖ਼͞ΕΔ:
dy
dt
= ry(1 − y + ayxKy )y − byx. (46)
1౰વɼଞͷύϥϝʔλΛݻఆͯ͠ rx ΍ ry ͷ஋ͷΈΛมԽͤ͞Ε͹ K′x ͱ K
′
y ͷ஋͸มԽ͢Δɽ͔͠͠ɼͦͷ৔߹͸
׬੒૊৫αΠζͷ࣮ݧࣄ࣮ͱͷ੔߹ੑ่͕Εͯ͠·͏ɽͦͷͨΊɼଞͷύϥϝʔλ΋ಉ࣌ʹมߋ͢Δඞཁ͕͋Δɽ݁Ռɼ
K′x ͱ K
′
y ͸ͦΕͧΕͷࡉ๔ͷ׬੒૊৫αΠζʹͷΈӨڹΛड͚ͯେখؔ܎͕มԽ͠ɼ૿৩཰ rx ΍ ry ʹΑͬͯେখؔ܎
͸มԽ͠ͳ͍ɽ
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ਤ 24: γϣ΢δϣ΢όΤ੒஬ᠯݪجʹ͓͚Δࡉ๔਺ͷ૿Ճɽࠇؙͷσʔλ͸ [3]ͷ΋ͷΛɼനؙ
ͷσʔλ͸ [4]ͷ΋ͷΛͦΕͧΕ༻͍ͨɽۂઢ͸ඇઢܗճؼΛ༻͍ͯσʔλ͔ΒύϥϝʔλΛਪ
ఆͨ͠ LogisticํఔࣜͰ͋Δɽύϥϝʔλ͸ x(t = 0) = 0.585, r = 0.113, K = 4.35 × 104Ͱ͋Δɽ
จݙ [32]ΑΓվมͯ͠సࡌɽ
ࡉ๔ Xͱ Y ͷେ͖͕͞શͯ౳͍͠ͳΒ͹ɼࣜ (46)Λ࢖༻͢΂͖৚݅͸
x < αcy
D
2 , (47)
ͱද͢͜ͱ͕Ͱ͖Δɽ͜͜Ͱ αcy
D
2 ͸ࡉ๔ Xͱࡉ๔ Yͷڥքʹ͍Δมҟࡉ๔ͷ਺Λද͍ͯ͠Δɽ͠
͕ͨͬͯɼ৚݅ࣜ (47)͸ڥքʹଘࡏ͢Δมҟࡉ๔ͷ਺Λਖ਼ৗࡉ๔਺͕Լճͬͨ͜ͱΛҙຯ͍ͯ͠
Δɽύϥϝʔλ Dͱ αc͸ԁॆరͱ͍͏໰୊Λߟ͑Δ͜ͱͰܾఆ͢Δ͜ͱ͕Ͱ͖Δɽԁॆరͱ͸ԁ
Λޓ͍ʹॏͳΓ߹Θͳ͍Α͏ʹۭؒͷதʹ͍ͭ͘ೖΕΔ͜ͱ͕Ͱ͖Δ͔ͱ͍͏࠷దԽ໰୊Ͱ͋Δɽ
ྫ͑͹ɼڥքͷܗ͕ਅԁͷ࣌ (D = 1)ɼ͓͓Αͦ α = 3.31ͱͳΔ [5]ɽ
ୈ 2ষʹ͓͍ͯɼ؀ڥऩ༰ྗ Kxͱ Ky͸ 30000–40000ͷൣғͰઃఆͨ͠ɽ͜ͷ࣌ɼ৚݅ࣜ (47)
Λຬͨ͢ൣғ͸ඇৗʹڱ͘ɼy = KyΛߟ͑ͯ΋ x ! 700ͱͳΔɽ͜Ε͸ Kxʹൺ΂े෼খ͍͞஋Ͱ
͋ΔɽͦͷͨΊɼຊݚڀ͸͜ͷ৚݅Λཅʹߟྀ͢Δ͜ͱ͸ͤͣɼx ≫ 0ͱ͚ͩԾఆͨ͠ɽ
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! "
ਤ 25: ࡉ๔ Xͷ਺͕গ਺ͷ࣌ɽจݙ [32]ΑΓసࡌɽ
S5 CCϞσϧͷ҆ఆੑղੳ
S5.1 ฏߧ఺ͷ༗ແ
֤ฏߧ఺ʹ͍ͭͯ҆ఆੑղੳΛߦ͏લʹɺ·ͣQ1ͱQ2ͷ y˜ͷ஋ δ1ͱ δ2ʹ͍͓͓ͭͯΑͦͷ
࠲ඪΛࢉग़ͨ͠ɽͦ͜Ͱࣜ (10)ʹ x˜ = 0Λ୅ೖ͢Δ͜ͱͰɼ
0 = ρ(1 − y˜)y˜1−D/2 − β ≡ h(y˜), (48)
ΛखʹೖΕͨɽฏߧ఺Q1ͱQ2͕ଘࡏ͢ΔͨΊʹ͸ɼࣜ (48)ͷղ͕ೋͭͳͯ͘͸ͳΒͳ͍ (ਤ 26)ɽ
͜ͷ৚݅Λࢉग़͢ΔͨΊʹࣜ (48)ͷ y˜ʹΑΔඍ෼ h′(y˜)ΛҎԼͷΑ͏ʹܭࢉͨ͠:
h′(y˜) = ρy˜−D/2
(
1 − D
2
− 4 − D
2
y˜
)
.
্ࣜΑΓɼh(y˜)ͷ࠷େ஋ y˜m͸ y = (2 − D)/(4 − D) ≡ y˜mͱ෼͔Δɽ͕ͨͬͯ͠ɼh(y˜m) > 0ͷ࣌ʹ
Q1ͱQ2͕ଘࡏ͢Δɽ͜͜Ͱ h(y˜m) > 0ͱͳΔ৚݅͸ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
0 < β <
2ρ
4 − Dy˜
1−D/2
m . (49)
Ҏ্ͷ͜ͱ͔Βɼδ1ͱ δ2ͷ஋͸ͦΕͧΕҎԼͷ৚݅Λຬͨ͢ (ਤ 26):
0 < δ1 < y˜m, (50)
y˜m < δ2 < 1. (51)
ͦͷଞͷฏߧ఺ʹؔͯ͠ɼψϧΫϥΠϯ (ࣜ (8))ͱψϧΫϥΠϯ (ࣜ (10))ͷަ఺ S2͸ຊจͷࣜ
(11)Ͱఆٛ͞ΕΔɽLʹؔͯ͠͸ޙʹৄࡉʹड़΂Δɽ
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ਤ 26: ؔ਺ h(y˜)ɽύϥϝʔλ͸ D = 1.2, ρ = 1, κ = 1ͱ͍ͯ͠Δ. จݙ [32]ΑΓվมͯ͠సࡌɽ
S5.2 ઢܗ҆ఆੑղੳ
CCϞσϧͷϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
J =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
fx˜ fy˜
gx˜ gy˜
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − 2x˜ − κy˜ −κx˜
−ρ/κy˜ ρ(1 − 2y˜ − 1/κx˜) − βD
2
y˜D/2−1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (52)
͜͜Ͱ fx˜ =
∂ f
∂x˜
Ͱ͋Γɼͦͷଞ΋ಉ༷Ͱ͋Δɽ
S0(0, 0)ͷ҆ఆੑ
ࣜ (52)ΑΓɼβ = 0ͷ࣌ͷ S0ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
JS0 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0
0 ρ
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
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JS0 ͷݻ༗஋ λ1,2͸ λ1,2 = 1, ρ > 0ͱͳΔͨΊɼS0͸ෆ҆ఆฏߧ఺ͱͳΔ (ਤ 7Bɼ7F)ɽ
β > 0ͷ࣌ɼࣜ (52)ͷ gy˜͸ఆٛ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽ͜Ε͸D/2−1 < 0Ͱ͋ΔͨΊʹɼ߲ y˜D/2−1
͕ఆٛ͢Δ͜ͱ͕Ͱ͖ͳ͍͜ͱ͕ݪҼͰ͋Δɽͦ͜Ͱɼฏߧ఺ S0ͷۙ๣ʹ͋Δ఺ S′0 (0, ϵ)Λఆٛ
͢Δ͜ͱͰ S0෇ۙͷڍಈΛղੳͨ͠ (ϵ ≈ +0)ɽࣜ (52)ΑΓɼβ > 0ͷ࣌ͷ S′0ʹ͓͚ΔϠίϏߦྻ
͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
JS′0 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − κϵ 0
ρ/κϵ ρ(1 − 2ϵ) − βD
2
ϵD/2−1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
Αͬͯ JS′0 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = 1 − κ,
λ2 = ρ(1 − 2ϵ) − βD2 ϵ
D/2−1.
ϵ → 0ͷ࣌ɼλ1 → rx > 0 ͔ͭ λ2 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS0 ͸αυϧͱͳΔ (ਤ 7Aɼ
7C–7E)ɽ
S1(1, 0)ͷ҆ఆੑ
ࣜ (52)ΑΓɼβ = 0ͷ࣌ͷ S1ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
JS1 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
−1 −κ
0 ρ(1 − 1/κ)
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
Αͬͯ Js1 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = −1 < 0,
λ2 = ρ(1 − 1/κ).
κ > 1ͷ࣌ɼλ2 > 0ͱͳΔͨΊɼS1͸αυϧͱͳΔ (ਤ 7F)ɽҰํɼκ < 1ͷ࣌ɼλ2 < 0ͱͳΔͨΊɼ
S1͸҆ఆฏߧ఺ͱͳΔɽκ = 1ͷ࣌ɼλ2 = 0ͱͳΔɽ͜ͷ࣌ɼS1͸ Lʹ࿈݁ͨ҆͠ఆฏߧ఺ͱͳ
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Δ (ਤ 7B)ɽ
β > 0ͷ࣌ɼ S0ͱಉ༷ͷཧ༝Ͱ S1ۙ๣ͷ఺ S′1 (Kx, ϵ)Λߟ͑Δ (ϵ ≈ +0)ɽࣜ (52)ΑΓɼβ > 0
ͷ࣌ͷ S′1ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
JS′1 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
−1 − κϵ −κ
−ρ/κϵ ρ(1 − 2ϵ − 1/κ) − βD
2
ϵD/2−1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
͜͜Ͱ JS′1 ͷߦྻࣜͱτϨʔε͸ͦΕͧΕҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
detJS′1 = − (1 + κ)ρ(1 − 2ϵ − 1/κ)
+ (1 + κ)
βD
2
ϵD/2−1
− ρϵ,
trJS′1 = − (1 + κ) + ρ(1 − 2ϵ − 1/κ) −
βD
2
ϵD/2−1.
ϵ → 0ͷ࣌ɼୈ 2߲͕ແݶʹൃࢄ͢ΔͨΊʹ detJS′1 → ∞ > 0ͱͳΔɽಉ༷ʹୈ 3߲͕ෛͷແݶେ
ʹൃࢄ͢ΔͨΊʹ trJS′1 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS1͸αυϧͱͳΔ (ਤ 7Aɼ7C–7E)ɽ
Q1(0, δ1)ͷ҆ఆੑղੳ
β = 0ͷ࣌ɼQ1͸ S0ͱಉҰͷฏߧ఺ͱͳΔɽͦͷͨΊɼQ1͸ෆ҆ఆฏߧ఺Ͱ͋Δɽࣜ (52)Α
Γɼβ > 0ͷ࣌ͷQ1ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
JQ1 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − κδ1 0
−ρ/κδ1 ρ(1 − 2δ1) − βD2 δ
D/2−1
1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
͜͜Ͱ JQ1 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = 1 − κδ1,
λ2 = ρ(1 − 2δ1) − βD2 δ
D/2−1
1 .
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͕ͨͬͯ͠ɼδ1 > 1/κͷ࣌͸ λ1 < 0ɼδ1 = 1/κͷ࣌͸ λ1 = 0ɼδ1 < 1/κͷ࣌͸ λ1 > 0ͱͳΔҰํɼ
ࣜ (48)Λ༻͍ͯ byδD/2−11 Λফڈ͢Δ͜ͱͰ λ2͸ҎԼͷΑ͏ʹද͢͜ͱ͕͖Δ:
λ2 =
ρ
2
{(2 − D) − δ1(4 − D)}.
Αͬͯɼࣜ (50)ΑΓ λ2 > 0ͱͳΔ. Ҏ্ΑΓɼQ1͸ෆ҆ఆฏߧ఺ͱͳΔ (ਤ 7Aɼ7C–7E)ɽ
Q2(0, δ2)ͷ҆ఆੑ
ࣜ (52)ΑΓɼβ = 0ͷ࣌ͷQ2ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ (͜͜Ͱ δ2 = 1Ͱ
͋Δ):
JQ2 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − κ 0
−ρ/κ −ρ
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
ϠίϏߦྻΑΓ λ1 = 1 − κ ͔ͭ λ2 = −ρ < 0Ͱ͋Δ͜ͱ͕෼͔Δɽ͕ͨͬͯ͠ɼ1/κ < 1ͷ࣌͸
λ1 < 0ɼ1/κ = 1ͷ࣌͸ λ1 = 0ɼ1/κ > 1ͷ࣌͸ λ1 > 0ͱͳΔɽҎ্ΑΓɼ1/κ ≤ 1ͷ࣌ɼQ2͸҆ఆ
ฏߧ఺ͱͳΔ (ਤ 7Bɼ7F)ɽͨͩ͠ɼ1/κ = 1ͷ࣌͸Q2͸Lʹ࿈͍݁ͯ͠Δ (ਤ 7B)ɽҰํɼ1/κ > 1
ͷ࣌ɼQ2 ͸αυϧͱͳΔɽ
β > 0ͷ࣌ɼQ2ͷϠίϏߦྻ͸ҎԼͷΑ͏ʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δ:
JQ2 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − κδ2 0
−ρ/κδ2 ρ(1 − 2δ2) − βD2 δ
D/2−1
2
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
͜ͷ࣌ɼJQ2 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = 1 − κδ2),
λ2 = ρ(1 − 2δ2) − βD2 δ
D/2−1
2 =
ρ
2
{(2 − D) − δ2(4 − D)} < 0.
͜͜ͰɼQ1ͷ৔߹ͱಉ༷ʹࣜ (48)ͱ (51)Λ༻͍Δɽ͢Δͱɼδ2 < 1/κͷ࣌͸ λ1 > 0ʹͳΔͨΊɼ
Q2͸αυϧͰ͋Δ (ਤ 7A, 7C, 7E)ɽ൓ରʹ δ2 ≥ 1/κͷ࣌͸ λ1 ≤ 0ͱͳΔͨΊɼQ2͸҆ఆฏߧ఺
Ͱ͋Δ (ਤ 7D)ɽ
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S2(x˜S 2 , y˜S 2)ͷ҆ఆੑ
CCϞσϧʹ͓͍ͯࣜ (12)͕ຬ͞ΕΔ࣌ɼฏߧ఺ S2͕ଘࡏ͢Δɽࣜ (52)ΑΓɼS2ʹ͓͚ΔϠί
Ϗߦྻ͸ҎԼͷΑ͏ʹܭࢉͰ͖Δ:
JS2 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
−x˜S 2 −κx˜S 2
−ρ/κy˜S 2 ρ(1 − 2y˜S 2 − 1/κx˜S 2 ) −
βD
2
y˜D/2−1S 2 .
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
ϠίϏߦྻ JS2 ͷߦྻࣜ͸ҎԼͷΑ͏ʹܭࢉ͢Δ͜ͱ͕Ͱ͖Δ:
detJS2 = −x˜S 2
{
ρ(1 − 2y˜S 2 − 1/κx˜S 2 ) −
βD
2
y˜D/2−1S 2
}
− ρx˜S 2 y˜S 2 ,
= −ρx˜S 2
{
(1 − 2y˜S 2 − 1/κx˜S 2 ) −
D
2
(1 − y˜S 2 − 1/κx˜S 2 )
}
− ρx˜S 2 y˜S 2 ,
= −ρx˜S 2
{
−y˜S 2 −
2 − D
2
(1 − y˜S 2 − 1/κx˜S 2 )
}
− ρx˜S 2 y˜S 2 ,
= −2 − D
2
ρ(1 − 1/κ)x˜S 2 .
͜͜Ͱมܗʹ͸ࣜ (10)Λ༻͍ͨɽ͜ͷ࣌ɼฏߧ఺ S2͕ଘࡏ͢ΔͨΊ κ > 1Ͱ͋ΓɼCCϞσϧͷ
ԾఆʹΑΓ D < 2Ͱ͋ΔͨΊɼdetJS2 < 0Ͱ͋Δ͜ͱ͕෼͔ΔɽҎ্ΑΓɼ JS2 ͸αυϧͰ͋Δɽ
L(xL, yL)ͷ҆ఆੑ
κ = 1͔ͭ β = 0ͷ࣌ (ද 2(c)ɼਤ 7B))ɼฏߧ఺ͷू߹Ͱ͋Δ L͕ଘࡏ͢ΔɽL͸ҎԼͷࣜͰද
͞ΕΔ:
x˜L + y˜L = 1. (53)
͜ͷؔ܎ࣜΛ༻͍Δ͜ͱͰɼࣜ (52)ΑΓ LͷϠίϏߦྻΛҎԼͷΑ͏ʹࢉग़͢Δ͜ͱ͕Ͱ͖Δ:
JL =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
−x˜L −x˜L
−ρy˜L −ρy˜L
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
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͜ͷ࣌ɼJLͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = 0,
λ2 = −(x˜L + ρy˜L).
͜͜Ͱ xL > 0͔ͭ yL > 0ΑΓɼλ2 < 0Ͱ͋Δɽ͕ͨͬͯ͠ɼL ͸҆ఆฏߧ఺ͷू߹ͨ͠௚ઢͰ
͋Δɽ
S6 ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩཰͸ࡉ๔ڝ߹ͷ݁ՌΛࠨӈ͠ͳ͍
S6.1 Minuteܥ
ୈ 2ষͷਤ 8Ͱ͸มҟࡉ๔ͷ૿৩཰͕ਖ਼ৗࡉ๔ͷ΋ͷʹൺ΂ͯখ͍͞৔߹ (ry = 0.085 < rx = 0.1)
ͷ݁ՌΛɼຊষͷਤ 27Ͱ͸ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩཰͕౳͍͠৔߹ (rx = ry = 0.1)ͷ݁ՌΛͦ
ΕͧΕࣔͨ͠ɽ͜ͷܥʹ͓͍ͯ͸ɼมҟࡉ๔ͷ૿৩཰͕ਖ਼ৗࡉ๔ͷ΋ͷΑΓେ͖͍৔߹Ͱ͑͞ɼࡉ
๔ڝ߹ͷF ʹ͸Өڹ͠ͳ͍ɽ͜ͷܥʹؔͯ͠͸ɼมҟࡉ๔ͷഉআ཰ by΋ಉ༷ʹF ʹରͯ͠Өڹ
͠ͳ͍ɽͨͩ͠ɼͦΕͧΕͷࡉ๔ʹؔ͢Δ؀ڥऩ༰ྗʹࠩͷͳ͍͜ΕΒͷܥʹ͓͍ͯഉআΛ཈੍͢
Δͱ (by = 0)ɼมҟࡉ๔͸΋͸΍૊৫͔Βഉআ͞Εͳ͘ͳΓɼਖ਼ৗࡉ๔ͱڞʹ૊৫Λߏ੒͢Δ (ਤ
9)ɽ
S6.2 जᙾ཈੍ܥ
લड़ͷΑ͏ʹ rx͸ৗʹมҟࡉ๔͕׬શʹۦஞ͞ΕΔ͔ͦΕͱ΋มҟࡉ๔͕ੜ͖࢒Δ৔߹͕͋Δ
ͷ͔ΛܾΊΔᮢ஋ bycʹӨڹΛ͠ͳ͍ɽ͔͠͠ɼF ͸ rx ͔Βۇ͔ʹӨڹΛड͚Δɽਤ 28ʹ਺஋
ܭࢉʹΑͬͯࢉग़ͨ͠ rx ͷ BS 1 ͱ BQ2 ʹର͢ΔӨڹΛࣔ͢ɽrx = ry = 0.1ͷ࣌ (ਤ 28A)ʹൺ΂ɼ
rx = 0.2 > (ry = 0.1)ͷ࣌ (ਤ 28B)͸ BS 1 ʹର͢Δ BQ2 ͷྖҬ (= F )͕૿Ճ͍ͯ͠Δ͜ͱ͕෼͔
Δɽ͜Ε͸ਖ਼ৗࡉ๔ͷ૿৩཰͕େ͖͘ͳΔ΄Ͳɼมҟࡉ๔Λ׬શʹۦஞ͢Δ͜ͱ͕Ͱ͖Δॳظ஋
͕૿Ճ͍ͯ͠Δ͜ͱΛҙຯ͍ͯ͠Δɽ͜ͷޮՌ͸ਤ 28Bʹ͓͍ͯ rx/ry = 2 (ΞελϦεΫ)ʹൺ΂
rx/ry = 10 (ेࣈ)ͷF ͕ৗʹେ͖͍͜ͱ͔Β΋֬ೝ͢Δ͜ͱ͕Ͱ͖Δɽ
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ਤ 27: ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩཰͕౳͍͠ܥɽCCϞσϧʹ͓͍ͯ rx = ry = 0.1ͱͨ͠ɽͦͷ
ଞͷύϥϝʔλʹؔͯ͠͸ਤ 8A–Cͱ౳͘͠ઃఆͨ͠ɽA૬ฏ໘ਤɽઢ bͱ c͸ॳظ஋ΛͦΕ
ͧΕ (x0, y0)=(1000, 500)ɼ(2000, 2000)ͱͨ࣌͠ͷղيಓΛද͍ͯ͠ΔɽB, Cيಓ (b)ͱ (c)ʹ
͓͚ΔͦΕͧΕͷࡉ๔਺ͷ࣌ؒมԽɽ
S7 มҟࡉ๔ YͰߏ੒͞Εͨ૊৫ʹ͓͚Δࡉ๔ڝ߹
ຊ࿦จͰ͸جຊతʹɼਖ਼ৗࡉ๔ XͰߏ੒͞Εͨ૊৫ʹมҟࡉ๔ Y͕ग़ݱ͢Δ (ಋೖ͞ΕΔ)ܥʹ
͍ͭͯͷ਺ཧϞσϧΛߏங͠ɼղੳΛߦ͖ͬͯͨɽຊষͰ͸൓ରʹɼมҟࡉ๔Ͱߏ੒͞Εͨ૊৫
ʹਖ਼ৗࡉ๔Λಋೖͨ͠ঢ়گʹ͍ͭͯٞ࿦͢Δ (ਤ 29A)ɽ͜ͷঢ়گͷ਺ཧϞσϧ͸͓͓Α͕ͦCCϞ
σϧͱಉ༷Ͱ͋Δɽ།Ұͷҧ͍͸ਖ਼ৗࡉ๔͕มҟࡉ๔ʹғ·Ε͍ͯΔͨΊɼࡉ๔ڝ߹ʹΑͬͯഉ
আ͞ΕΔࡉ๔਺͕ڥքʹҐஔ͢Δਖ਼ৗࡉ๔ͷ਺ʹൺྫ͢Δͱ͍͏͜ͱͰ͋ΔɽͦͷͨΊɼഉআ߲
͸ −byyD/2͔Β −byxD/2΁ͱஔ͖׵͑ͨɽ͕ͨͬͯ͠ɼมҟࡉ๔Ͱߏ੒͞Εͨ૊৫ʹ͓͚Δࡉ๔ڝ
߹ͷ਺ཧϞσϧ͸ҎԼͷΑ͏ʹද͞ΕΔ:
dx
dt
= rx(1 − x + axyKx )x,
dy
dt
= ry(1 − y + ayxKy )y − byx
D/2.
(54)
͜ͷ਺ཧϞσϧͷ૬ਤ (ਤ 29B)ΑΓɼCCϞσϧͱಉ͘͡࠷ऴతʹ͸ඞͣมҟࡉ๔͕ഉআ͞ΕΔ͜
ͱ͕෼͔Δɽ͔͠͠ɼมҟࡉ๔ͷ׬શͳۦஞͷͨΊʹ͸ൃੜඞཁͳ࣌ؒ (∼ 120 h)ʹൺ΂ͯɼ๲େ
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ਤ 28: ਖ਼ৗࡉ๔ rxͷ૿৩཰͕ྖҬ BS 1 ͱ BQ2 ͷܗঢ়ʹ༩͑ΔӨڹɽ֤ॳظ஋Λग़ൃͨ͠ղ͕࠷
ऴతʹͲͪΒͷ҆ఆฏߧ఺ʹऩଋ͢Δͷ͔Λ૬ฏ໘ਤʹࣔͨ͠ɽ஡৭ͷؙ͸ S1(Kx, 0)ʹղ͕ऩ
ଋ͢Δɼ͢ͳΘͪਖ਼ৗࡉ๔͕มҟࡉ๔Λۦஞ͢Δॳظ஋Λɼ྘৭ͷؙ͸ղ͕Q2ʹऩଋ͢Δɼ͢
ͳΘͪมҟࡉ๔͕ਖ਼ৗࡉ๔Λۦஞͯ͠͠·͏ॳظ஋ΛͦΕͧΕ͍ࣔͯ͠Δɽਖ਼ৗࡉ๔ͷ૿৩཰
͸ AͰ͸ rx = 0.1ɼBͰ͸ rx = 0.2ͱ͠ɼଞͷύϥϝʔλ͸ ry = 0.1, ax = ay = 1, Kx = 50, 000,
Ky = 60, 000, by = 1.5, D = 1ʹઃఆͨ͠ɽจݙ [32]ΑΓసࡌ
ͳ࣌ؒ (∼ 1200 h)͕ඞཁͰ͋Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɽਤ 29CΛ஫ҙਂ͘ݟΔͱɼ૊৫αΠζ
(= x+ y;྘ͷઢ)ʹ͸ 2ஈ֊ͷఀ଺͕͋Δͷ͕෼͔ΔɽҰͭ໨͸ 120h෇ۙͰ͋Γɼೋͭ໨͸ 1200h
෇ۙͰ͋Δɽγϣ΢δϣ΢όΤͷ࣮ݧܥʹ͓͍ͯɼ૊৫͕ਖ਼ৗͳαΠζʹ౸ୡͨ࣌͠ɼཧ࿦తͳ࠷
ऴঢ়ଶʹ౸ୡ͢Δ͜ͱͳ͘ᥳԽʹΑͬͯ૊৫ͷൃੜ͸ࢭ·Δ͜ͱ͕؍࡯͞Ε͍ͯΔ [6]ɽ2͕ͨͬ͠
ͯɼ࣮ݧܥͰ͸ൃੜγεςϜ͕࠷ॳͷఀ଺ʹ͓͍ͯఀࢭ͢Δ͜ͱͰࡉ๔ Xͱ Y ͷڞଘ͕؍࡯͞Ε
Δͱ༧૝Ͱ͖Δɽ
ୈ 2ষͰ΋ड़΂ͨΑ͏ʹɼSimpsonͱMorata͸มҟࡉ๔Ͱߏ੒͞Εͨ૊৫ʹਖ਼ৗࡉ๔Λಋೖ͢
Δ࣮ݧΛߦ͍ͬͯΔ [6]ɽ͜ͷ࣮ݧʹΑΓɼ൴Β͸ਖ਼ৗࡉ๔ͱมҟࡉ๔͕ڞଘ͢Δ͜ͱΛ؍࡯ͨ͠ɽ
͜ͷ݁Ռ͸ઌͷ༧ଌͱҰக͢Δ΋ͷͰ͋Δ͕ɼ͞Βʹৄࡉʹௐ΂ΔͨΊʹҎԼͷ 4ͭͷঢ়گʹͭ
͍ͯ਺ཧϞσϧʹΑΔղੳΛߦͬͨ (ਤ 30):
(a) ਖ਼ৗࡉ๔ (X)ΛΑΓ૿৩ͷ஗͍มҟࡉ๔ (Y)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͢Δ
(b) มҟࡉ๔ (Y ′)Λมҟࡉ๔ (Y)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͢Δ (౰વɼมҟࡉ๔ͷഉআ͸ൃੜ͠
ͳ͍)
2ͲͷΑ͏ͳϝΧχζϜͰਖ਼͍͠αΠζͰ૊৫ͷൃੜ͕ࢭ·Δͷ͔͸ɼݫີʹ͸໌Β͔ʹͳ͍ͬͯͳ͍ɽԿΒ͔ͷγ
άφϧ͕ग़Δ͜ͱʹΑͬͯࢭ·Δͱ͍͏આ΍ػցతͳ࡞༻ʹΑͬͯࢭ·Δͱ͍͏આ͕͋Δ͕ɼຊݚڀͰ͸ٞ࿦ͷର৅ͱ
͠ͳ͍ɽ
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(c) ਖ਼ৗࡉ๔ (X)ΛΑΓ૿৩ͷ஗͍มҟࡉ๔ (Y)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͠ɼഉআΛ཈੍͢Δ
(d) ਖ਼ৗࡉ๔ (X′)Λਖ਼ৗࡉ๔ (X)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͢Δ
ཧ࿦తʹܾఆͨ͠૊৫׬੒ͷλΠϛϯάʹ͓͍ͯɼಋೖͨ͠ࡉ๔ूஂͷࡉ๔਺͕࠷΋ଟ͔ͬͨ
ͷ͸ਖ਼ৗࡉ๔ (X)Λมҟࡉ๔ (Y)Ͱߏ੒͞Εͨ૊৫ʹಋೖͨ͠৔߹ (a)Ͱ͋ͬͨ (ਤ 30A)ɽ͜ͷ݁
Ռ͸ SimpsonΒͷઌߦݚڀͷ݁Ռ [6]ͱҰக͢Δ΋ͷͰ͋Δɽ
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ਤ 29: มҟࡉ๔ Y Ͱߏ੒͞Εͨ૊৫ʹ͓͚Δࡉ๔ڝ߹ (ࣜ (54))ɽB૬ฏ໘ਤɽࡉ͍ઢͱଠ͍ઢ
͸ॳظ஋ΛͦΕͧΕ (x0, y0)=(100, 1000)ɼ(100, 100)ͱͨ࣌͠ͷղيಓΛද͍ͯ͠ΔɽC, Dॳظ
஋Λ (x0, y0)=(100, 1000)ͱͨ࣌͠ͷղͷ࣌ؒൃలɽC௨ৗͷάϥϑɼD͸ยର਺άϥϑͰ͋Δɽ
ύϥϝʔλ͸ rx = 0.1, ry = 0.085, ax = ay = 1, Kx = Ky = 50, 000, by = 0.5, D = 1ʹઃఆͨ͠ɽจ
ݙ [32]ΑΓసࡌɽ
ୈ 2ষʹ͓͚Δ Table1Ͱ͸Myc௿ൃݱࡉ๔ Y͕Mycߴൃݱࡉ๔ Xʹғ·Ε͍ͯΔঢ়گΛ (c)ʹ
෼ྨͨ͠ɽ͔͠͠ɼMycܥͷ୅දతͳ࣮ݧܥͰ͸ X͕ Yʹғ·Ε͍ͯΔͨΊɼݫີʹ͸ࣜ (54)Λ
༻͍Δ΂͖Ͱ͋Δɽৄࡉͳղੳʹؔͯ͠͸ຊ࿦จͷٞ࿦ͷର৅֎ͱͨ͠ɽ
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ਤ 30: ૊৫αΠζͷ੒௕͕ఀ଺ͨ࣌͠ͷಋೖͨ͠ࡉ๔ूஂͷࡉ๔਺ɽAਖ਼ৗࡉ๔ (X)ΛΑΓ૿
৩ͷ஗͍มҟࡉ๔ (Y)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͢Δ (by = 0.5)ɽBมҟࡉ๔ (Y ′)Λมҟࡉ๔ (Y)
Ͱߏ੒͞Εͨ૊৫ʹಋೖ͢Δ (౰વɼมҟࡉ๔ͷഉআ͸ൃੜ͠ͳ͍ (by = 0))ɽCਖ਼ৗࡉ๔ (X)Λ
ΑΓ૿৩ͷ஗͍มҟࡉ๔ (Y)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͠ɼഉআΛ཈੍͢Δ (by = 0)ɽDਖ਼ৗࡉ๔
(X′) Λਖ਼ৗࡉ๔ (X)Ͱߏ੒͞Εͨ૊৫ʹಋೖ͢Δ (by = 0)ɽॳظࡉ๔਺͸ (಺ଆ (ಋೖࡉ๔), ֎
ଆ)=(100, 1000)ͱͨ͠ɽύϥϝʔλ͸ Xͱ X′ʹ͍ͭͯ͸ rx = 0.1ɼYͱ Y ′ʹ͍ͭͯ͸ ry = 0.085
ͱͨ͠ɽଞͷύϥϝʔλ͸ ax = ay = 1, Kx = Ky = 50, 000, D = 1ʹઃఆͨ͠ɽ૊৫αΠζ͸ͦΕ
ͧΕ (AɼC) x + axyɼ(B) y′ + axyɼ(D) x + axxͰࢉग़ͨ͠ɽ૊৫αΠζͷ੒௕͕ఀ଺ͨ͠λΠϛ
ϯά͸ࡉ๔ͷ૿Ճ཰͕ 1෼͋ͨΓ 0.5ΛԼճͬͨ࣌ͱఆٛ͠ɼനؙͰࣔͨ͠ɽ૊৫αΠζͷ੒௕
͕ఀ଺ͨ͠λΠϛϯάͰͷಋೖͨ͠ࡉ๔ूஂͷࡉ๔਺͸ͦΕͧΕ 9571, 4518, 8036, 4518Ͱ͋ͬ
ͨɽจݙ [32]ΑΓసࡌɽ
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S8 ૊৫͕୯Ұͷजᙾݪੑࡉ๔Ͱߏ੒͞Ε͍ͯΔ৔߹ͷ୅ঈੑ૿৩Ϟσϧ
୅ঈੑ૿৩ͷӨڹΛ਺ཧϞσϧʹಋೖ͢ΔͨΊʹɼ·ͣ͸૊৫͕୯Ұͷजᙾݪੑࡉ๔ Y Ͱߏ੒
͞Ε͍ͯΔ৔߹ʹ͍ͭͯߟ͑ͯΈΔɽ͜͜Ͱɼୈ 3ষͱಉ༷ʹࡉ๔ YͷजᙾݪੑΛදͨ͢ΊʹɼY
ͷࡉ๔਺͸Ϛϧαε੒௕͢ΔͱԾఆͨ͠ɽ୅ঈੑ૿৩Λߟྀ͢ΔͨΊɼࡉ๔ Y ͷूஂ͸ෆ׆ੑঢ়
ଶͷࡉ๔ Zͱ׆ੑঢ়ଶͷࡉ๔UͰߏ੒͞Ε͍ͯΔͱ͢Δɽ͜͜Ͱɼ಺ࡏੑͷࡉ๔ࢮ͕ൃੜ͢Δͱ
ࡉ๔ Z͸ࡉ๔U΁ͱมԽ͠ɼ͜ΕΒͷࡉ๔͸૿৩཰͕ဏਐ͢Δ (ਤ 31A)ɽ͕ͨͬͯ͠ɼࡉ๔ Zͱ
Uͷࡉ๔਺ಈଶ͸ҎԼͷࣜʹै͏ (ਤ 31B):
dz
dt
= rzz − dyz − audy(z + u) + duzu + Td, (55)
du
dt
= audy(z + u) − dyu − duzu + Td, (56)
͜͜Ͱ z (≥ 0)ͱ u͸ͦΕͧΕࡉ๔ ZͱUͷࡉ๔਺Ͱ͋Δɽࣜ (55)ͷୈ 1߲ rzz͸जᙾݪੑͷมҟ
ࡉ๔ͷࡍݶͳ͍૿৩Λද͍ͯ͠Δɽࣜ (55)ͷୈ 2߲͸ࣗ਎ͷࡉ๔਺ʹൺྫͨ͠಺ࡏੑͷࡉ๔ࢮΛ
ද͍ͯ͠Δɽ͜͜Ͱ dy͸ࡉ๔ࢮ཰Λҙຯ͢Δൺྫఆ਺Ͱ͋Δɽࡉ๔ Zͱಉ༷ʹࡉ๔UͰ΋಺ࡏੑ
ͷࡉ๔ࢮ͸ى͖Δɽ͜ͷࡉ๔ࢮ͸ࣜ (56)ͷୈ 2߲Ͱද͞Ε͍ͯΔɽ಺ࡏੑͷࡉ๔ࢮ͸पғͷࡉ๔
Λ׆ੑԽͤ͞Δɽ͕ͨͬͯ͠ɼ୯Ґ࣌ؒ͋ͨΓͷࢮࡉ๔ͷ਺ dyz+ dyuʹൺྫఆ਺ auͰൺྫͨ͠਺
ͷෆ׆ੑࡉ๔ Z͕׆ੑࡉ๔UʹมԽ͢Δɽ͜ͷ׆ੑԽ͸ࣜ (55)ͷୈ 3߲ͱࣜ (56)ͷୈ 1߲ͰͦΕ
ͧΕهड़͍ͯ͠Δɽ׆ੑԽͨ͠ࡉ๔͸ɼࡉ๔਺ uʹൺྫͯ͠ɼ୯Ґ࣌ؒ͋ͨΓ duzͷׂ߹Ͱෆ׆ੑ
ࡉ๔ʹ໭Δɽ͜ͷෆ׆ੑԽʹ͍ͭͯ͸ࣜ (55)ͷୈ 4߲ͱࣜ (56)ͷୈ 3߲Ͱදͨ͠ɽ
্ड़ͷΑ͏ʹෆ׆ੑԽࡉ๔ͷ૿৩཰͸ rzͰ͋Δɽ׆ੑԽࡉ๔͸ෆ׆ੑԽࡉ๔ʹൺ΂ͯ૿৩཰͕
ߴ͍ɽࣜ (55)ͱࣜ (56)ͷ࠷ޙͷ߲Ͱ͋Δ Td͸ɼࡉ๔෼྾ʹΑΔࡉ๔ Zͱ Uͷ૿ݮΛද͕͢ɼ߲
ͷܗ͸ࡉ๔෼྾ͷࡍͷ׆ੑԽͷҾ͖ܧ͗๏ଇʹΑͬͯมԽ͢Δ (ਤ 32A-C)ɽ͜ͷ๏ଇ͸ࡾͭʹ෼
ྨ͢Δ͜ͱ͕Ͱ͖Δɽ͢ͳΘͪɼa)׆ੑԽࡉ๔͕ೋͭͷෆ׆ੑԽࡉ๔΁ͱ෼྾͢Δ (ਤ 32A)ɼb)
׆ੑԽࡉ๔͕ೋͭͷ׆ੑԽࡉ๔΁ͱ෼྾͢Δ (ਤ 32B)ɼc)׆ੑԽࡉ๔͕׆ੑԽࡉ๔ͱෆ׆ੑԽࡉ
๔΁ͱ෼྾͢Δ (ਤ 32C)ͷࡾͭͰ͋ΔɽͦΕͧΕͷ෼ྨʹ͓͚Δ߲ TdΛҎԼʹड़΂Δɽ
׆ੑԽࡉ๔͕ೋͭͷෆ׆ੑԽࡉ๔ʹ෼྾͢Δ࣌ ((a);ਤ 32A)ɼzͱ uͷಈଶ͸ҎԼͷΑ͏ʹॻ͘
͜ͱ͕Ͱ͖Δ:
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ਤ 31: जᙾݪੑࡉ๔Ͱߏ੒͞Εͨ૊৫ʹ͓͚Δ୅ঈੑ૿৩ɽAࡉ๔ࢮ͸पғͷෆ׆ੑԽࡉ๔ Z
Λ׆ੑԽࡉ๔U΁ͱมԽͤ͞ΔɽB TdΛআ͍ͨঢ়ଶભҠਤɽόπ͸ࡉ๔ࢮΛද͢ɽจݙ [44]Α
Γసࡌɽ
ਤ 32: ׆ੑԽࡉ๔ͷ෼྾ϧʔϧA-C͸ࡉ๔෼྾ͷࡍͷ׆ੑԽͷҾ͖ܧ͗๏ଇ (a-c)ΛͦΕͧΕද
͢ɽ੺ؙ͸׆ੑԽࡉ๔ɼ྘ؙ͸ෆ׆ੑԽࡉ๔Λද͢ɽจݙ [44]ΑΓసࡌɽ
dz
dt
= rzz − dyz − audy(z + u) + duzu + 2ruu, (57)
du
dt
= audy(z + u) − dyu − duzu − ruu, (58)
͜͜Ͱ ru (> rz = ry)͸ࡉ๔Uͷ૿৩཰Λද͢ɽͨͩ͠ɼ෼྾ͨ͠ࡉ๔Uͷೋͭͷ່ࡉ๔͸ Z΁ͱ
มΘͬͯ͠·͏ͨΊɼU ͷࡉ๔਺͸ݮগ͢Δ͜ͱʹͳΓɼ൓ରʹ Zͷࡉ๔਺͸ഒͷ଎౓Ͱ૿Ճ͠
͍ͯΔɽ
׆ੑԽࡉ๔͕ೋͭͷ׆ੑԽࡉ๔΁ͱ෼྾͢Δ࣌ ((b);ਤ 32B)ɼzͱ uͷಈଶ͸ҎԼͷΑ͏ʹॻ͘
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͜ͱ͕Ͱ͖Δ:
dz
dt
= rzz − dyz − audy(z + u) + duzu, (59)
du
dt
= aud(z + u) − dyu − duzu + ruu, (60)
͜͜Ͱɼu͸ ruʹൺྫͯ͠૿Ճ͍ͯ͠Δɽ(b)ͷ৔߹ɼࣜ (59)ʹ Td ͷ߲͸ଘࡏ͠ͳ͍ɽ͜Ε͸ Z
ͷಈଶ͕׆ੑԽࡉ๔ͷࡉ๔෼྾ͱಠཱͰ͋ΔͨΊͰ͋Δɽ
׆ੑԽࡉ๔͕׆ੑԽࡉ๔ͱෆ׆ੑԽࡉ๔΁ͱ෼྾͢Δ࣌ ((c);ਤ 32C)ɼzͱ uͷಈଶ͸ҎԼͷΑ
͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
dz
dt
= rzz − dyz − audy(z + u) + duzu + ruu, (61)
du
dt
= aud(z + u) − dyu − duzu. (62)
͜͜Ͱɼ׆ੑԽࡉ๔U͸׆ੑԽࡉ๔ͱෆ׆ੑԽࡉ๔ʹ෼྾͢ΔͨΊɼU͸ࡉ๔෼྾ʹΑͬͯࣗ਎
ͷࡉ๔਺Λ૿Ճͤ͞Δ͜ͱ͸ͳ͍ɽҰํɼU ͷࡉ๔෼྾ʹΑͬͯ৽ͨʹෆ׆ੑԽࡉ๔ Z͕࢈ੜ͞
ΕΔͨΊɼZ͸ ruuʹൺྫͯ͠૿Ճ͢Δɽ
(a-c)ʹ͍ͭͯ y = z + uͷؔ܎Λ༻͍ͯมܗΛ͢Δ͜ͱͰɼyͱ uʹ͍ͭͯͷࣜͱͯ͠ҎԼͷΑ
͏ʹ·ͱΊΔ͜ͱ͕Ͱ͖Δ:
dy
dt
= rz(y − u) − dyy + ruu, (63)
du
dt
= audyy − duu, (64)
͜͜Ͱ y (≥ u)͸มҟࡉ๔ͷ૯ࡉ๔਺Ͱ͋Δɽࣜ (63)͸ಉҰͷܗͰҟͳΔ (a-c)ͷ৔߹ʹ͍ͭͯද
͢͜ͱ͕Ͱ͖ΔɽҰํɼࣜ (64)΋ಉ༷ʹࡾͭͷܗΛද͢͜ͱ͕Ͱ͖Δ͕ɼ͜ͷ࣌ύϥϝʔλ duͷ
ҙຯ͕ҟͳΔ͜ͱʹ஫ҙ͕ඞཁͰ͋Δ (ද 4)ɽ͜ͷ࣌ɼduͱ duzͷؔ܎͸ duʹ͍ͭͯͷࣜͱؔ܎
ࣜ dy < ry = ruΑΓͦΕͧΕܾ·Δɽ
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ද 4: (a-c)ͷ৔߹ʹ͓͚Δ du
No. du duͱ duzͷؔ܎ࣜ
(a) du = duz + dy + ru du > duz
(b) du = duz + dy − ru du < duz
(c) du = duz + dy du > duz
S9 ॖ໿ܕCDIPϞσϧͷ҆ఆੑղੳ
ॖ໿ܕCDIPϞσϧʹ͸ୈҰ৅ݶʹ S0ɼS1ɼS2ͱ͍͏ࡾͭͷฏߧ఺͕ଘࡏ͢Δ (ਤ 14)ɽx˜+ y˜ ≤ 1
ͷ࣌ɼॖ໿ܕ CDIPϞσϧͷϠίϏߦྻ͸ҎԼͷΑ͏ʹॻ͘͜ͱͰ͖Δ:
J =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
fx fy
gx gy
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − 2x˜ − y˜ − ρv δ
βv
y˜
D
2 −(x˜ + ρv δ
βv
y˜
D
2 ) + ρv
δD
2βv
y˜
D
2 −1(1 − x˜ − y˜)
0 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)y˜
D
2 −1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (65)
͜͜Ͱɼ fx =
∂ f
∂x˜
Ͱ͋Γɼͦͷଞ΋ಉ༷Ͱ͋Δɽ
S9.1 S0(0, 0)ͷ҆ఆੑ
CCϞσϧͷ΋ͷͱಉ༷ʹɼϠίϏߦྻ J΋ y˜D/2−1ͷ߲ΛؚΉͨͨΊʹɼy˜ = 0ͷ࣌ʹఆٛ͢Δ
͜ͱ͕Ͱ͖ͳ͍ɽͦ͜Ͱɼฏߧ఺ S0(0, 0)ͷۙ๣ʹ͋Δ఺ S′0(0, ϵ)Λఆٛ͢Δ͜ͱͰ S0෇ۙͷڍ
ಈΛղੳͨ͠ (ϵ ≈ +0)ɽࣜ (65)ΑΓɼS′0ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹఆٛ͞ΕΔ:
JS′0 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − ϵ − ρv δ
βv
ϵ
D
2 −ρv δ
βv
ϵ
D
2 + ρv
δD
2βv
ϵ
D
2 −1(1 − ϵ)
0 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)ϵ
D
2 −1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
Αͬͯ JS′0 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = 1 − ϵ − ρv δ
βv
ϵ
D
2 ,
λ2 = 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)ϵ
D
2 −1.
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ϵ → 0ͷ࣌ɼ λ1 → 1 > 0ͱͳΔɽλ2 ͷਖ਼ෛΛٻΊΔͨΊʹ͸ɼβw ͱ ρw ͷؔ܎Λߟ͑Δඞཁ͕
͋Δɽϵ → 0͔ͭ βw ≤ ρw ͷ࣌ɼλ2 > 0ͱͳΔɽ͕ͨͬͯ͠ɼS0 ͸ෆ҆ఆฏߧ఺Ͱ͋ΔɽҰํɼ
ϵ → 0͔ͭ βw > ρwͷ࣌ɼλ2 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS0͸αυϧͱͳΔɽ
S9.2 S1(1, 0)ͷ҆ఆੑ
ฏߧ఺ S0ͱಉ༷ͷཧ༝ͰɼS1(1, 0)ʹ͍ͭͯ΋ۙ๣ͷ఺ S′1(1, ϵ)Λߟ͑Δ (ϵ ≈ +0)ɽࣜ (65)Α
ΓɼS′1ʹ͓͚ΔϠίϏߦྻ͸ҎԼͷΑ͏ʹఆٛ͞ΕΔ:
JS′0 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
−1 − ϵ − ρv δ
βv
ϵ
D
2 −(1 + ρv δ
βv
ϵ
D
2 ) − ρv δD2βv ϵ
D
2
0 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)ϵ
D
2 −1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
Αͬͯ JS′1 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = −1 − ϵ − ρv δ
βv
ϵ
D
2 ,
λ2 = 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)ϵ
D
2 −1.
ϵ → 0ͷ࣌ɼ λ1 → −1 < 0ͱͳΔɽλ2ͷਖ਼ෛΛٻΊΔͨΊʹ͸ɼβwͱ ρwͷؔ܎Λߟ͑Δඞཁ͕
͋Δɽϵ → 0͔ͭ βw ≤ ρwͷ࣌ɼλ2 > 0ͱͳΔɽ͕ͨͬͯ͠ɼS1͸αυϧͰ͋ΔɽҰํɼϵ → 0͔
ͭ βw > ρwͷ࣌ɼλ2 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS0͸҆ఆฏߧ఺ͱͳΔɽ
S9.3 S2(1 − y˜S, y˜S)ͷ҆ఆੑ
0 < y˜S < 1ͷ࣌ɼฏߧ఺ S2͕ୈҰ৅ݶʹଘࡏ͢Δɽࣜ (65)ΑΓɼS2ʹ͓͚ΔϠίϏߦྻ͸ҎԼ
ͷΑ͏ʹఆٛ͞ΕΔ:
JS2 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 − 2(1 − y˜S) − y˜S − ρv δ
βv
y˜
D
2
S −((1 − y˜S) + ρv
δ
βv
y˜
D
2
S )
0 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)y˜
D
2 −1
S
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.
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Αͬͯ JS2 ͷݻ༗஋͸ҎԼͷΑ͏ʹͳΔ:
λ1 = 1 − 2(1 − y˜S) − y˜S − ρv δ
βv
y˜
D
2
S ,
= −(1 − y˜S) − ρv δ
βv
y˜
D
2
S < 0,
λ2 = 1 − α + ρu α
βu
− D
2
δ(1 − ρw 1
βw
)y˜
D
2 −1
S ,
= 1 − α + ρu α
βu
− D
2
(1 − α + ρu α
βu
),
=
2 − D
2
(1 − α + ρu α
βu
) > 0,
͜͜Ͱ λ2͸ࣜ (67)ΑΓܭࢉͨ͠ɽҎ্ΑΓɼS2͸αυϧͰ͋Δɽ
S10 ॖ໿ܕCDIP’Ϟσϧ
ڥքʹ͓͚Δ୅ঈੑ૿৩ʹΑͬͯ׆ੑԽͨ͠ࡉ๔W͕มҟࡉ๔ Yͷେ൒Λ઎Ί͍ͯΔͱ͍͏ঢ়
گΛߟ͑Δɽ͕ͨͬͯ͠ɼ
w ≃ y. (66)
ͱ͍͏ۙࣅ͕੒ཱ͢Δɽࣗવͱ͜ͷঢ়گͰ͸ࡉ๔ U ͸͘͝গ਺ͱͳΔͨΊɼw ≪ u ≃ 0ͱ͍͏ؔ
܎΋Ծఆͨ͠ɽ͜ͷؔ܎ࣜͱࣜ (66)ΛCDIPϞσϧ (ࣜ (19))ʹ୅ೖ͢Δ͜ͱͰɼyʹ͍ͭͯͷࣜΛ
ҎԼͷΑ͏ʹखʹೖΕΔ͜ͱ͕Ͱ͖Δ:
dy
dt
= (ry − dy)y + (ryw − ry)y − byyD2 ,
= (ryw − dy)y − byyD2 .
͜Ε͕ॖ໿ܕ CDIP’ϞσϧͰ͋Δɽ͜ͷࣜΛແ࣍ݩԽ͢ΔͱҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:
dy˜
dτ
= (1 − α + ρw)y˜ − δy˜ D2 .
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§3.3.4Ͱ͸ɼ͜ͷࣜΛ༻͍ͨɽy˜SͷఆٛΛআ͖ɼॖ໿ܕCDIP’Ϟσϧͷڍಈ͸ॖ໿ܕCDIPϞσϧ
ͷ΋ͷͱఆੑతʹ͸ຆͲมΘΒͳ͍ɽॖ໿ܕCDIP’Ϟσϧʹ͓͚Δ y˜S͸ҎԼͷΑ͏ʹఆٛ͞ΕΔ:
y˜S ≡
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
δ
1 − α + ρw
⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
2
2−D
. (67)
͜ͷ y˜SΛ༻͍ͯɼ§3.3.4Ͱ͸ॖ໿ܕ CDIP’ϞσϧͷF Λࢉग़ͨ͠ɽ
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